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ABSTRACT 
In the past 30 years, canvasback ducks (Avthva 
vallslnerla) have switched from traditional midwest staging 
areas on Inland lakes and the Illinois River to backwater 
pools of the Upper Mississippi River (UMR). An energetic 
approach that integrated field observations of free-living 
canvasbacks with controlled laboratory experiments on captive 
ducks was used to study fall staging on Lake Onalaska 
(Navigation Pool 7, UMR) near LaCrosse, Wisconsin. Time-
activity budgets of canvasbacks observed on Lake Onalaska 
during fall staging differed by sex, year, date, time, and 
weather. Males spent more time foraging than females (20.8% 
to 17.9%), and canvasbacks foraged more in 1983 than in 1984 
(24.4% to 15.8%), during the peak week of staging (22.4%), 
and at night (28.0%). The staging population of canvasbacks 
on Lake Onalaska averaged 83% male, but females may have 
stayed for a shorter time than males. Energetic costs of 
resting, captive ducks were found to increase (16.9 to 43.8 
KJ/h) as water temperature decreased (35 to 0 °C). Mean 
resting costs on water were 2.0 times a basal metabolic rate 
(BMR), and diving costs were 7.7 times BMR. In controlled 
studies of functional response, canvasbacks foraging on 
American wildcelery (Vallisnerla amerlcana) winter buds 
consumed 360/h at densities above 30/m2. Males were more 
vi 
substrate surface were taken more easily than winter buds 
located deeper. Canvasbacks metabolized 79.2% or 2.32 KJ of 
a winter bud. An estimated 0.18 winter buds/dive or 2.7 
clams/dive are needed to exactly balance diving costs. 
Staging canvasbacks assimilated 2600 KJ/day, and assuming 
that 50% of this energy is converted to fat, they gained 32.4 
g of fat/day. 
FRONTISPIECE 
Male and female canvasbacks foraging for food in a 
sand substrate. Studies were conducted on captive ducks 
foraging in a pool 1.2m deep at the U.S. Fish and 
Wildlife Service's National Fisheries Research Center in 
Lacrosse, Wisconsin. An underwater window offered a 
unique opportunity to observe detailed diving behavior. 
The ducks usually dove 10 to 15 s, spending 3 s traveling 
to and from the surface. 
vlll 
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GENERAL INTRODUCTION 
In the past 50 years, populations of some diving duck 
species have declined despite apparent underutilization of 
wetland breeding areas (Trauger and Stoudt 1978). Lack 
(1954, 1966) and Pretwell (1972) assert that populations of 
many temperate bird species are controlled by mortality 
factors acting during the nonbreeding period. Environmental 
variables during the 8-month nonbreeding period may have a 
large role in controlling duck production in the following 
year (Heitmeyer and Frederickson 1981). 
In many waterfowl species, body weight is highest when 
individuals arrive on the wintering grounds and gradually 
decreases through the winter until resources improve 
immediately before spring migration (Leopold 1919, Raveling 
1968, Ryan 1972, Reinecke et al. 1982). Based on data from 
these sources, body weight in the canvasback seems to follow 
an annual cyclic pattern (Figure 1). 
According to band recovery analysis, canvasbacks which 
are heaviest upon arrival on wintering areas are most likely 
to survive through the winter and through the following year 
(Haramis et al. 1986). Canvasbacks may gain more than 170 g 
during fall staging (J. Serie, U. S. Fish and Wildlife 
Service, unpublished data). Thus, fall staging areas serve 
as crucial habitats where canvasbacks can develop energy 
reserves that may enhance survival through the next year. 
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1500-1-
1400--
_ 1200-f-O) breeding 
O) 1100--
1000— 
migration 
900-- wintenng 
800 - -
I I I I I I I I I I I 
F M A M J J 
Months 
A S 0 N D 
M 
Figure 1. Hypothetical annual weight cycle for 
canvasbacks 
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However, sedimentation and pollution have degraded 
wetland areas In the midwest. Such degradation along the 
Illinois River resulted in drastic changes in flora and fauna 
during the 1960s (Mills et al. 1966, Bellrose et al. 1979). 
Use of the Illinois River by canvasbacks IAvthva valisineria) 
and lesser scaups IAvthva affinis) reached peak fall 
migration counts of 66,900 and 326,000 birds between 1949 and 
1955. Average peak counts declined to 1360 canvasbacks and 
17,980 lesser scaups between 1956 and 1976 (Bellrose et al. 
1979), a decrease of 98% of the canvasbacks and 94% of the 
scaups. The use of Minnesota and upper Wisconsin lakes by 
diving ducks also declined during this period because of 
habitat changes (Trauger and Serie 1974). Because of the 
lose of these traditional staging areas (Stewart et al. 1958, 
Bellrose et al. 1979), many diving ducks now stage on the 
Upper Mississippi River (UMR). 
Navigation pools on the UMR with extensive backwater 
areas, especially Pools 7, 8, and 9 near LaCrosse, Wisconsin 
and Pool 19 near Keokuk, Iowa, are used extensively by diving 
ducks in the fall (Trauger and Serie 1974, Serie et al. 
1983). Canvasbacks using Pool 19 increased from fewer than 
25,000 individuals in 1963 to a record of 168,000 birds in 
1970. Similarly, numbers of canvasbacks using Pool 7 
increased from fewer than 20,000 before 1968 to 100,000 or 
more after 1970 (Trauger and Serie 1974). The majority of 
4 
the eastern canvasback population may now stage at LaCrosse 
or Keokuk during fall migration. 
The goal of this research was to study how canvasbacks 
were using Upper Mississippi River backwaters to maintain or 
improve their physiological condition during fall staging. 
Such information is critical to ultimately determining 
habitat limitations on population, numbers or carrying 
capacity. 
Field work was conducted on Lake Onalaska, Navigation 
Pool No. 7, UMR where large numbers of canvasbacks 
concentrate. Functional response studies were done in 
outdoor pools of the U. S. Fish and Wildlife Service National 
Fishery Research Center in LaCrosse, Wisconsin; other 
laboratory work with captive ducks was conducted in 
laboratories of the Departments of Zoology and Animal Ecology 
at Iowa State University. 
An energetic approach was taken to specifically 
determine how canvasbacks were exploiting the dense beds of 
American wildcelery (Vallisneria americana) winter buds on 
Lake Onalaska to obtain the energy needed to build fat 
reserves. The research was structured in the context of a 
conceptual framework which infers that survival is directly 
related to a bird's ability to balance long-term energy cost 
and acquisition (Figure 2). 
E N E R G Y  B U D G E T  
E n e r g y  G a i n  A c t i v i t y  C o s t s  
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Figure 2. Conceptual 
staging on 
migration 
framework for research on canvasbacks 
the Upper Mississippi River during fall 
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Explanation of the Dissertation Format 
This dissertation has been organized in an alternative 
format to facilitate manuscript submittal to journals. The 
Introduction briefly explains the thrust of the dissertation 
research. Six papers follow the Introductionr After the 
papers, a conclusion section summarizes the significance of 
the results. 
Four contributors will be Included on different 
manuscripts at their discretion. These authors include E. E. 
Klaas (U.S. Fish and Wildlife Service, Iowa Cooperative 
Wildlife Research Unit) on all papers completed from this 
project; C. E. Korschgen (U.S. Fish and Wildlife Service, 
Northern Prairie Wildlife Research Center, LaCrosse Field 
Station) for support on Parts I, V, and VI and on any papers 
summarizing the research conclusions; R. A. Ackerman (Iowa 
State University, Department of Zoology) Part III, IV; and W. 
L. Green (U.S. Fish and Wildlife Service, Northern Prairie 
Wildlife Research Center, LaCrosse Field Station) on Part II. 
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PART I. TIME-ACTIVITY BUDGET OF CANVASBACKS AND LESSER 
SCAUPS STAGING ON THE UPPER MISSISSIPPI RIVER 
DURING FALL MIGRATION 
8 
ABSTRACT 
Time-activity budgets of canvasbacks (Avthva 
valislnerla) and lesser scaups (Avthva affinis) staging on 
Lake Onalaska, Upper Mississippi River (UMR) during fall 
migration were examined. Time-activity budgets differed by 
species, sex, year, week, date, and time. Canvasbacks 
foraged more than lesser scaups (19.4% to 17.0%). Male 
canvasbacks foraged more than females (20.8% to 17.9%), but 
female lesser scaups dove more than males (19.7% to 14.4%). 
Canvasbacks and lesser scaups fed most during the middle of 
the fall staging period (24.2% and 22.2%) and at night (36.3% 
and 28.0%). Several behaviors were correlated with weather 
variables. The amount of time ducks spent foraging depended 
on wind speed and direction, precipitation, and water surface 
and sky conditions. Validity of these time-activity budget 
comparisons depended on assumptions made concerning sample 
independence. . 
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INTRODUCTION 
During fall migration, the traditional stopover areas 
for diving ducks wintering on the East Coast and along the 
Gulf of Mexico were on lakes in Upper Wisconsin and Minnesota 
and on the Illinois River (Stewart et al. 1958, Bellrose et 
al. 1979). However, in the past 80 years sedimentation and 
pollution have decreased the value of these staging areas for 
diving ducks (Bellrose et al. 1979). Few ducks presently use 
these traditional staging areas during fall migration. 
Instead, backwaters on the Upper Mississippi River (UMR) are 
now the crucial staging areas for diving ducks during fall 
migration. 
The greatest numbers of diving ducks counted during a 
single census on the Illinois River between 1949 and 1955 
(Bellrose et al. 1979) averaged 66,900 canvasbacks (Avthva 
valisineria) and 326,000 lesser scaups (Avthva affinis). 
Between 1956 and 1976, mean counts on peak census days 
decreased to 1360 canvasbacks and 18,000 lesser scaups. 
Thus, diving duck use of the Illinois River Valley declined 
95% between 1949 and 1976. 
At the same time that suitable staging habitat was 
deteriorating on the Illinois River, submergent vegetation 
was flourishing in UMR backwaters created by the navigational 
lock and dam system built in the 1930s. Since 1960, diving 
duck use of"the UMR has Increased dramatically, especially on 
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Pool 19 near Keokuk, Iowa and on Pools 1, 8, and 9 near 
Lacrosse, Wisconsin (Traugor and Serie 1974, Serie et al. 
1983). The largest number of canvasbacks counted in a single 
census on Pool 19 increased from 25,000 birds- in 1963 to 
168,000 in 1970. Peak counts of canvasbacks on Pool 7 
averaged fewer than 20,000 birds before 1968 but increased to 
100,000 ducks after 1970 (Trauger and Serie 1974). Peak 
counts of nearly 200,000 canvasbacks were recorded in 1977-
1978 (C. Korschgen, U. S. Fish and Wildlife Service, 
unpublished data). 
Pool 7 is part of the Upper Mississippi River National 
Fish and Wildlife Refuge managed jointly by the U. S. Fish 
and Wildlife Service and the Army Corps of Engineers. The 
refuge stretches 457 km from Wabasha, Minnesota to Rock 
Island, Illinois. Pool 7 extends from Navigational Lock and 
Dam No. 7 at LaCrosse, Wisconsin for 19 km upriver, covering 
an area of 8500 ha. Most diving ducks staging on Pool 7 
congregate on Lake Onalaska (Figure 1), a 3036 ha backwater 
area immediately above the dam with an average depth of 1.43 
m. This shallow lake accounts for more than 500,000 
canvasback use days each fall (author's unpublished data). 
Canvasbacks are attracted to dense beds of American 
wildcelery (Vallisneria americana) in the lake. Lake 
Onalaska has been closed to hunting since 1972 because it is 
a critical staging area for migrating canvasbacks. 
11 
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Figure 1. Lake Onalaska map showing 65 ha blocks used 
to sample ducks in different locations 
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This study was initiated to estimate time-activity 
budgets for canvasbacks and lesser scaups staging on Lake 
Onalaska during fall migration. It was part of a larger 
research project aimed at gaining a better understanding of 
how diving ducks use UMR backwaters. 
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METHODS 
A field camp was established on the north end of Red Oak 
Ridge, a narrow, 1.6 km long island in the middle of Lake 
Onalaska (Figure 1). Most behavior observations were 
conducted from blinds at the north tip of the island facing 
east and west. Additional observations were made from 
locations facing east and west along the sides of the island. 
From these vantage points, over 60% of the lake was visible. 
The lake was gridded into 65 ha squares (Figure 1). 
Time-activity samples from randomly selected ducks were 
recorded each hour in these grid blocks. A Questar spotting 
scope was directed through flocks of ducks within a grid 
block in a zig-zag pattern. The behavior of a duck 
intersecting the center of the viewing field was recorded. 
Grid blocks with the largest numbers of ducks were sampled 
first each hour so that behavior observations were 
representative of the majority of the birds. Less dense or 
less frequently used areas were sampled as time allowed. 
Behavior was assumed to be independent between grid blocks 
within an hour and among hours of the day. 
Time-activity budgets were determined from the scan 
samples. Most hourly scan samples were composed of 
observations ranging from S to 100 birds. The number of 
ducks counted in a behavior category was divided by the total 
number of ducks in a given scan sample to obtain a proportion 
14 
(Figure 1). The proportion of ducks counted In a behavior 
category was assumed to be equivalent to the average percent 
of time a duck spent conducting that behavior. 
Instantaneous scan samples were not used to sample time-
activity budgets of canvasbacks and lesser scaups because 
they underestimate active behaviors such as diving and flying 
(Altmann 1974, Siegfried. 1975). A method proposed by Wiens 
et al. (1970) to sample over a short time Interval was used 
to prevent underestimating active behaviors. Each duck was 
observed for 10 s, and its behavior was recorded. If the 
duck dove or flew within that time period, diving or flying 
was recorded for the observation. Otherwise, the activity 
observed at the end of the brief 10 s scan Interval was 
recorded. 
The activities and corresponding variable names referred 
to in this paper are listed below, ordered from energetically 
least to most costly. Activities were grouped into 8 major 
behavior categories while all other minor behaviors were 
grouped within 1 category (OTHER). 
SLEEP ; bill tucked under a wing, motionless or moving with 
the current on the water surface. 
REST: head exposed, motionless or moving with the current on 
the water surface. 
PREEN: comfort movements such as bathing, wing-flapping, and 
feather grooming. 
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SWIM: moving on the surface of the water from one area to 
another. 
SOCIAL; any interaction between the observed bird and 
another bird. 
FEED: diving beneath the surface at anytime during a scan to 
forage. 
FLY: beginning to takeoff or leaving the water at anytime 
during a scan. 
DISTURBANCE : reacting to human activity by alert posturing, 
swimming, diving, or usually by flying. 
Canvasbacks and lesser scaups were the most numerous 
diving duck species using the lake. Male and female ducks 
were studied during the fall of 1983 and 1984. Observations 
began following the arrival of the first concentration of 
diving ducks in early October. The field season ended when 
ice covered the lake in late November. 
Scan samples were analyzed in 1-week intervals over the 
50-day staging period. The median Julian dates by week for 
the 2 field seasons were 279, 286, 293, 300, 307, 314, and 
321. Time-activity budgets were examined by week (1-7) to 
determine if the proportion of time spent in activities 
varied in different weeks of the fall. 
Four time-of-day blocks were analyzed separately to 
document time-activity budget changes within a day. The time 
blocks (1-4) examined were morning (0700 to 1100 h), midday 
16 
(1100 to 1500 h), evening (1500 to 1900 h), and night (1900 
to 0700 h). Several researchers (Kllma 1966, Swanson and 
Sargeant 1972, Thornburg 1973, Pedroll 1982) have suggested 
that nocturnal behavior may be very Important In measuring an 
overall time-activity budget. Two light illuminating night 
scopes affixed with large aperture 300 mm lenses were used to 
observe nocturnal activity on moonlit nights. 
Weather variables including air temperature, water 
temperature, wind direction, wind speed, precipitation, water 
surface, and cloud cover were also sampled. Air temperature 
was recorded by observers standing on Red Oak Ridge holding a 
thermometer about 1 m above the ground. Water temperature 
was measured with a thermometer attached to a cord and thrown 
2-3 m into the lake. Wind speed was estimated from a 
portable anemometer. 
Wind direction was coded in a clockwise direction from: 
1 = north, 2 = northeast, 3 = east, 4 = southeast, 5 = south, 
6 = southwest, 7 = west, and 8 = northwest. Precipitation 
was reported as: 0 = clear, 1 = fog, 2 = light rain, 3 = 
heavy rain, and 4 = snow. Cloud cover was entered as: 0 = 
clear, 1 = partly cloudy, and 2 = cloudy. Water surface was 
reported as: 0 = calm, 1 = light waves, 2 = heavy waves, and 
3 = whltecaps. Weather variables were recorded every 2 h 
while time-activity budgets were being sampled. 
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Time-activity budget proportions from scan samples were 
normalized for statistical tests using an arcsine square root 
transformation (Zar 1974). Proportions or percentages are 
binomially distributed, and small (0-30%) or large (70-100%) 
proportions deviate greatly from normality. Arcsine square 
root transformations adjust proportion data to near normal 
distributions (Zar 1974). 
Four statistical procedures were used to examine 
differences in time-activity budgets: 
(1) A multivariate analysis of variance test (MANOVA: 
SAS Institute 1982) was used to determine if time-activity 
budgets differed by species (2), sex (2), year (2), week (7), 
or time-of-day (4). MANOVA testing was used to account for 
correlation between behaviors. Partial correlation 
coefficients were calculated to show significant 
relationships among behaviors. 
(2) Each behavior was tested separately with an 
analysis of variance procedure (ANOVA: SAS Institute 1982). 
ANOVA tests were used following the MANOVA procedure to 
identify which of the behaviors in the time-activity budget 
differed with the independent factors which were significant. 
Independent variables used in ANOVA tests (for each behavior) 
were limited to factors which were significant in explaining 
variation in the MANOVA test on all behaviors. 
18 
(3) If ANOVA tests Indicated that there were 
differences in week or time factors, a range test was used to 
locate differences. Least significant difference tests (LSD: 
SAS Institute 1982) identified which weeks (1-7) or time 
blocks (1-4) differed. 
(4) Multiple regression tests (SAS Institute 1982) were 
used to determine which weather variables contributed to 
explaining variability in the proportion of time spent in 
each behavior. 
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RESULTS 
Observations were made on over 71,000 canvasbacks and 
15,000 lesser scaups in 2 field seasons on Lake Onalaska. 
Time-activity budgets for canvasbacks were based on 1616 h of 
observation with a mean of 44 ducks observed per hour. The 
time-activity budgets of lesser scaups were sampled less 
frequently with fewer birds in each sample because they were 
less abundant. A mean of 14 lesser scaups was observed in 
1073 scan samples. 
Canvasbacks and lesser scaups spent most of their time 
sleeping or resting during fall staging (Figure 2). The 
ducks rested 50% of the time or 12 h of each day. These 
species also spent 17.5% of the time foraging or 4.2 h of 
each day underwater. 
Canvasbacks and lesser scaups seemed to have widely 
differing time-activity budgets during fall staging (Figure 
2). A multivariate analysis of variance test (MANOVArSAS 
Institute 1982) confirmed that time-activity budgets for the 
2 species differed significantly (g < 0.001). Canvasbacks 
slept more (34.5 to 26.3%), preened more (15.0 to 8.9%), and 
foraged more (19.4 to 17.0%) than lesser scaups. Lesser 
scaups rested more (25.0 to 14.7%) and swam more (19.4 to 
17.0%) than canvasbacks. 
Several behaviors in the time-activity budgets of both 
canvasbacks (Table 1) and lesser scaups (Table 2) were 
canvasback 
(N=1616) 
30- -
lesser scaup 
{N=1073) 
g 
o! 
10— 
Sleep Rest Preen Swim Soc. Feed Dist. Other 
Figure 2. Time-activity budget of canvasbacks and lesser scaups 
combining sex, year, date, and time 
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Table 1. Relationships between activities in time-activity 
budgets of canvasbacks based on 1616 scan sample 
hours. Partial correlation coefficients indicate 
whether the percent of time in a behavior is 
independent or related to occurrence of another 
behavior. Significant coefficients (p < 0.05) are 
indicated with asterisks below the coefficient. 
Larger coefficients indicate larger positive or 
negative correlation 
Behavior SLEEP REST PREEN SWIM SOC FEED FLY DIST 
REST -.34 
*** 
PREEN -.22 -.08 
*** *** 
SWIM -.35 -.13 -.17 
«** *** 
SOC -.07 .02 .01 .02 
** 
FEED —.54 —.01 —.04 —.10 .06 
*** *** * 
PLY -.05 .07 .03 .05 .09 -.08 
* *  « * * * * * 
DIST -.05 .01 -.01 .06 -.02 -.04 .04 
* 
*p < 0.05. 
< 0.01. 
***E < 0.001. 
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Table 2. Relationships between activities in time-activity 
budgets of lesser scaups based on 1073 scan sample 
hours. Partial correlation coefficients indicate 
whether the percent of time in a behavior is 
independent or related to occurrence of another 
behavior. Significant coefficients (£ < 0.05) are 
indicated with asterisks below the coefficient. 
Larger coefficients indicate larger positive or 
negative correlation 
Behavior SLEEP REST PREEN SWIM SOC FEED FLY DIST 
REST -.32 
*** 
PREEN -.11 
*«« 
-.10 
** 
SWIM —. 30 
*** 
-.35 
*** 
-.18 
**« 
SCO -.01 .01 -.02 
CM 0
 1 
FEED -.26 
*** 
-.18 
«*« 
-.11 
«** 
0> 
*
 
CM 
*
 
•
 »
 
1 
.05 
FLY -.05 
CM O
 .03 .04 —. 03 0 
DIST 0 0 .04 
CM O
 0 -.04 .11 
**JB < 0.01. 
***E < 0.001. 
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correlated. Sleeping was Inversely related to all behaviors 
in time-activity budgets of canvasbacks except for flying and 
disturbance (Table 1). Resting was also negatively 
correlated to many behaviors except for flying. Staging 
canvasbacks usually slept or rested if they were not 
foraging. 
Swimming birds did not preen, but ducks which had just 
flown or were about to takeoff tended to preen heavily (Table 
1). Feeding canvasbacks were not often observed swimming or 
flying, but social interactions increased among foraging 
ducks. Plying was negatively correlated with feeding as 
foraging birds tended to stay in 1 area or swim between 
adjacent locations. Flying was positively correlated with 
social behavior because foraging ducks displaced each other 
or attracted other birds. 
Staging lesser scaups, like canvasbacks, usually slept 
or rested when they were not foraging (Table 2). However, 
many correlations between behaviors in the time-activity 
budgets of lesser scaups differed from correlations in time-
activity budgets of canvasbacks. Lesser scaups had fewer 
social interactions, and the interactions were not correlated 
to other behaviors. Feeding lesser scaups were not observed 
resting as much as feeding canvasbacks. Lesser scaups also 
did not swim while foraging. Flying and disturbance were not 
correlated with other activities. 
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Thus, several behaviors were correlated for both 
species. ANOVA tests were used to determine which behaviors 
in the overall time-activity budget differed by sex, year, 
week, and time. However, only significant factors from the 
multivariate tests on overall time-activity budgets were used 
as ANOVA factors. 
The MANOVA test indicated that there was a difference in 
time-activity budgets of the 2 species (jg < 0.001). There 
were differences in time-activity budgets between males and 
females of both species (g < 0.01), between weeks of the fall 
(jB < 0.001), and during different periods of the day (jg < 
0.001). However, while canvasbacks had different time-
activity budgets in the 2 field seasons (e < 0.001), time-
activity budgets of lesser scaups did not differ 
significantly between years (e < 0.11). 
Several factors and factor-interactions contributed to 
explaining the variability in time-activity budgets of 
canvasbacks (Table 3). Male and female canvasbacks had 
distinct time-activity budgets except for social behavior 
differences which were confounded by year and time 
interactions. Year, week, and time interactions explained 
variability of time spent in most behaviors. Apparent 
differences in behavior by year, date, and time for these 
behaviors must be cautiously interpreted because interactions 
are important and significance levels may be misleading 
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Table 3. Differences In time-activity budgets of canvasbacks 
are examined with analysis of variance tests (SAS 
Institute 1982) based on 1616 scan sample hours. 
Each behavior is tested against 4 factors (sex, 
year, week, and time) and 10 factor combinations. 
Significant combinations (g < 0.05) are denoted by 
asterisks 
Factor SLEEP REST PREEN SWIM SCO FEED FLY DIST 
Sex (S) ** *** *** * *** 
Year(Y) *** •** * *** • *** 
Week(W) *** *** *** *** *** *** *** 
Tlme(T) *** *** *** *** *** *** 
S X Y 
S X W 
S X T 
Y 3c W *** * * *** ** *** *** *** 
Y X T *** *** ** *** *** *** 
W X T *** *** *** *** *** *** *** 
SxYxW * * 
SxYxT 
SxWxT ** 
SxYxWxT *** 
*fi < 0.06. 
**E < 0.01. 
***E < 0.001. 
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Table 4. Differences in time-activity budgets of lesser 
scaups examined with analysis of variance tests 
(SAS Institute 1982) based on 1073 scan sample 
hours. Each behavior is tested against 3 factors 
(sex, week, and time) and 4 factor combinations. 
Significant combinations (p < 0.05) are denoted by 
asterisks 
Factor SLEEP REST PREEN SWIM SOC FEED 
Sex (S) *.** * * *** 
Week(W) **« *** *** *** *** 
Time(T) *** ** *** * 
S X W 
S X T 
W X T ** *** *$ 
SxWxT • 
*E £ 0.05. 
**E < 0.01. 
***E < 0.001. 
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(Kachlgan 1982). 
Male and female lesser scaups spent a different 
proportion of time sleeping, preening, interacting, and 
feeding (Table 4). Differences between the percent of time 
ducks spent sleeping, preening, and swimming by time-of-day 
depended on the week. All behaviors except for social, fly, 
and disturb varied by week. Sleep, rest, swim, and feed 
differed by time-of-day. 
Behaviors differed for canvasbacks and lesser scaups 
depending on sex or year (Table 5). Male canvasbacks rested, 
interacted, and flew more than females (Table 5, Figure 3). 
Male canvasbacks fed 2.9% more than females or up to 42 min 
more during a 24 h period. Male lesser scaups slept, 
preened, and interacted more than females, but they fed 5.3% 
(1.3 h/day) less (Table 5, Figure 4). Thus, while male 
canvasbacks fed more than females, female lesser scaups 
foraged more than males. 
Behavior of canvasbacks also differed greatly between 
years. Canvasbacks spent more time in sleep, rest, preen, 
and social behaviors in 1984 (Table 5). Swim and foraging 
behaviors were observed 6.4% and 8.6% more frequently in 
1983. Canvasbacks slept 8.5% more in 1984. Yearly 
differences in time-activity budgets of lesser scaups (Table 
6) were not tested because multivariate results showed that 
the overall time-activity budgets were not different. 
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Table 5. Difference in time-activity budgets of canvasbacks 
and lesser scaups by sex and year. Differences in 
mean percent of time behaviors occurred were tested 
with ANOVA (SAS Institute 1982). Sex or year 
differences are indicated with an asterisk between 
significantly different means (e < 0.05). Sample 
sizes (N), mean percentages, and standard errors 
(in parentheses) are reported 
Sex Year 
Male Female Male Female 1983 1984 1983 1984 
N 829 787 547 526 675 971 543 530 
SLEEP 34.0 
(0.88) 
35.8 
(1.00) 
30.6 
(1.29) 
» 21.8 
(1.25) 
29.9 
(1.38) 
• 38.4 
(1.25) 
22.3 
(1.60) 
30.3 
(1.95) 
REST 14.8 
(0.42) 
* 14.5 
(0.56) 
23.7 
(1.09) 
26.3 
(1.24) 
11.7 
(0.72) 
* 16.8 
(0.65) 
21.2 
(1.13) 
28.9 
(1.77) 
PREEN 14.8 
(0.42) 
15.3 
(0.55) 
9.7 
(0.71) 
* 8.1 
(0.69) 
14.2 
(0.79) 
* 15.7 
(0.61) 
13.7 
(0.93) 
8.7 
(1.06) 
SWIM 14.3 
(0.55) 
15.3 
(0.68) 
20.7 
(1.16) 
23.4 
(1.31) 
18.5 
(1.09) 
* 12.1 
(0.68) 
27.7 
(1.77) 
16.2 
(1.66) 
SOC 0.1 
(0.02) 
• 0.1 
(0.03) 
0.1 
(0.03) 
• 0.0 
(0.00) 
0.1 
(0.06) 
* 0.1 
(0.02) 
0.05 
(0.03) 
0.0 
(0.00) 
FEED 20.8 
(0.67) 
• 17.9 
(0.70) 
14.4 
(0.91) 
* 19.7 
(1.12) 
24.4 
(1.19) 
* 15.8 
(0.40) 
18.8 
(1.50) 
15.1 
(1.34) 
FLY 0.5 
(0.07) 
• 0.4 
(0.08) 
0.2 
(0.07) 
0.2 
(0.06) 
0.5 
(0.12) 
0.5 
(0.09) 
0.3 
(0.11) 
0.1 
(0.05) 
DIST 0.4 
(0.07) 
0.2 
(0.07) 
0.0 
(0.01) 
0.1 
(0.03) 
0.3 
(0.11) 
0.2 
(0,09) 
0.1 
(0.03) 
0.1 
(0.03) 
male 
(N=829) 
female 
(N=787) 
c 
8 
£ 
Sleep Rest Preen Swim Inter. Dive Dis. Other 
Figure 3. Time-activity budget of male and female canvasbacks combining 
year, date, and time 
male 
(N=547) 30 
female 
(N=526) 
20--
8 
I 
1 0  - -
Other Sleep Rest Preen Swim Inter. Dive Dis. 
Figure 4. Time-activity budget of male and female lesser scaups 
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If a behavior varied by week or time (Table 3, 4), a 
range test (LSD:SAS Institute 1982) was used to locate in 
which weeks (Tables 6, 7) or times (Tables 8, 9) behaviors 
differed. Canvasbacks preened, swam, and were disturbed more 
often early in the fall (Table 6). They rested and fed more 
in the middle or peak of migration and slept more late in the 
fall. Social encounters were more frequent in early and late 
weeks (Table 7). 
Lesser scaups preened and swam more often early in the 
fall (Table 7). They fed more during the migration peak, and 
slept or rested more late in the fall (Table 7). This 
pattern of behavior is similar for both species. 
When behavior differences are analyzed by time, 
canvasbacks slept most in midday, followed by morning, 
evening, and night (Table 8). They rested most at night or 
in the morning and preened most at night. Canvasbacks swam 
19.4% more at night than during the rest of the day. They 
fed 8.1% more at night compared to the rest of the day. The 
ducks flew more often at dusk and dawn. 
Lesser scaups slept most in the morning and midday, and 
swam and foraged at night like canvasbacks (Table 9). They 
rested in midday or evening rather than at night or in the 
morning as was observed for canvasbacks. 
Weather may have been a very important environmental 
factor affecting diving duck time-activity through the fall. 
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Table 6. Difference in time-activity budgets of canvasbacks 
by week of fall staging. Least significant 
difference tests (LSD:SAS Institute 1982) were used 
to locate when the percent of time a behavior 
occurred differed by week. Sample sizes (N), mean 
percentages, and standard errors (in parentheses) 
are reported. Weekly means which do not differ 
significantly (S < 0.05) in a behavior row are 
followed by the same letter 
Week (mean Julian date) 
279 286 293 300 307 314 321 
N 290 ' 142 289 210 224 256 205 
SLEEP 29.6b 
(1.22) 
28.0b 
(1.74) 
31.1a 
(1.19) 
31.0a 
(1.65) 
37.8a 
(1.88) 
43.5a 
(2.11) 
42.5a 
(2.28) 
REST 13.3ab 
(0.77) 
17.2a 
(1.09) 
15.2ab 
(0.63) 
16.8a 
(1.11) 
15.7a 
(1.05) 
11.0b 
(0.74) 
15.4ab 
(1.19) 
PREEN 22.3a 
(0.84) 
19. lb 
(1.20) 
18.3b 
(0.69) 
14.0c 
(0.77) 
10. 8d 
(0.88) 
9.8d 
(0.77) 
9.6d 
(0.95) 
SWIM 16.6a 
(1.00) 
16.6a 
(1.40) 
15.lab 
(0.98) 
13.1b 
(1.19) 
12.8b 
(1.05) 
15.3ab 
(1.25) 
13.5b 
(1.26) 
SCO 0.2a 
(0.05) 
O.Ob 
(0.02) 
0.1b 
(0.03) 
0.1b 
(0.05) 
0. lb 
(0.03) 
O.Ob 
(0.02) 
0 . 3a 
(0.13) 
FEED 16.1b 
(0.82) 
17.2b 
(1.49) 
19.0b 
(0.90) 
24.2a 
(1.42) 
22.1b 
(1.58) 
19.9b 
(1.42) 
17.7b 
(1.57) 
FLY 0.5a 
(0.12) 
0. 6a 
(0.19) 
0. 6a 
(0.11) 
0. 4a 
(0.11) 
0. 4a 
(0.13) 
0.3a 
(0.14) 
0. 6a 
(0.21) 
DIST 0. 6a 
(0.17) 
1.0a 
(0.42) 
0.1b 
(0.04) 
0.1b 
(0.08) 
0.1b 
(0.03) 
0.1b 
(0.02) 
0.1b 
(0.00) 
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Table 7. Difference in time-activity budgets of lesser 
scaups by week of fall staging. Least significant 
difference tests (LSD:SAS Institute 1982) were used 
to locate when the percent of time a behavior 
occurred differed by week. Sample sizes (M), mean 
percentages, and standard errors (in parentheses) 
are reported. Weekly means which do not differ 
significantly (E < 0.05) in a behavior row are 
followed by the same letter 
Week (mean Julian date) 
Behavior 279 286 293 300 307 314 321 
N 162 79 135 173 202 193 129 
SLEEP 25.7b 
(2.28) 
23.7b 
(3.00) 
16.8bc 
(2.24) 
22.3b 
(1.93) 
20.2bc 
(1.59) 
39.3a 
(2.38) 
33. 8a 
(3.29) 
REST 18. Ob 
(1.78) 
22.9b 
(3.17) 
23.9b 
(2.77) 
26.1b 
(1.66) 
32.1a 
(1.82) 
22.8b 
(1.88) 
27.0b 
(2.81) 
PREEN 13. Oa 
(1.46) 
12.3ab 
(2.28) 
10.9ab 
(1.79) 
6.7b 
(0.87) 
6.1b 
(0.73) 
13.0a 
(0.84) 
10.7ab 
(1.89) 
SWIM 28.6a 
(2.37) 
25.Oab 
(3.07) 
27.5ab 
(2.94) 
21.2ab 
(2.02) 
20.lab 
(1.71) 
17.2b 
(2.02) 
17.3b 
(2.61) 
SOC 0.1a 
(0.06) 
0.0a 
(0.02) 
0.1a 
(0.07) 
0.0a 
(0.00) 
0. Oa 
(0.00) 
0. Oa 
(0.00) 
0.0a 
(0.00) 
FEED 13.7b 
(1.83) 
15.3ab 
(2.55) 
20.2ab 
(2.59) 
22.2a 
(1.66) 
20.6a 
(1.82) 
13.8b 
(1.88) 
10.8b 
(2.81) 
FLY 0.2a 
(0.13) 
0. Oa 
(0.03) 
0.1a 
(0.20) 
0.3a 
(0.14) 
0.2a 
(0.09) 
0.1a 
(0.03) 
0.1a 
(0.08) 
DIST 0.2a 
(0.10) 
0.0a 
(0.00) 
0.0a 
(0.00) 
0.0a 
(0.00) 
0.0a 
(0.03) 
0.1a 
(0.05) 
0. Oa 
(0.00) 
34 
Table 8. Difference in time-activity budgets of canvasbacks 
by time-of-day. Least significant difference tests 
(LSD:SAS Institute 1982) were used to locate when 
the percent of time a behavior occurred differed by 
time-of-day. Sample sizes (N), mean percentages, 
and standard errors (in parentheses) are reported. 
Means which do not differ significantly (e < 0.05) 
in a behavior row are followed by the same letter 
Time-of-dav 
Behavior 0700-1100 1100-1500 1500-1900 1900-0700 
N 672 557 256 131 
SLEEP 36.4b 40.0a 32.1c 10. 6d 
(1.05) (1.09) (1.56) (1.61) 
REST 13.2c 14.1c 17.0b 19.7a 
(0.52) (0.56) (0.92) (1.48) 
PREEN 16.0a 16.1a 15.6a 4. 4b 
(0.59) (0.55) (0.80) (0.66) 
SWIM 12.6c 11.3c 16.9b 36.3a 
(0.54) (0.60) (1.16) (2.36) 
SOC 2.6a 1.3a 6.9a 6. 3a 
(0.54) (0.60) (1.16) (2.36) 
FEED 20.4b 17.4c 16. 4c 36.3a 
(0.80) (0.75) (1.08) (2.02) 
FLY 0.6b 0.3c 0.8a 0. Ic 
(0.09) (0.06) (0.18) (0.06) 
DIST 0.3a 0.2a 0'. 5a 0. Oa 
(0.08) (0.04) (0.22) (0.02) 
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Table 9. Difference In time-actlvlty budgets of lesser 
scaups by tlme-of-day. Least significant 
difference tests (LSD:SAS Institute 1982) were used 
to locate when the percent of time a behavior 
occurred differed by tlme-of-day. Sample sizes 
(N), mean percentages, and standard errors (in 
parentheses) are reported. Means which do not 
differ significantly (e < 0.05) in a behavior row 
are followed by the same letter 
Time-of-dav 
Behavior 0700-1100 1100-1500 1500-1900 1900-0700 
N 453 401 168 51 
SLEEP 29.0a 26.8a 22.5b 9.6c 
(1.50) (1.40) (2.18) (2.78) 
REST 23.Sab 25.6ab 29. 8a 17.6ab 
(1.23) (1.35) (2.33) (2.99) 
PREEN 9.0a 9.5a 8.1a 6.2a 
(0.77) (0.82) (1.18) (2.32) 
SWIM 20.3b 20.6b 25.1b 38.2a 
(1.29) (1.37) (2.49) (4.35) 
SOC 0.0a 0.0a 0. la 0.0a 
(0.02) (0.00) (0.06) (0.00) 
FEED 17.1b 16.6b 13.9b 28. Oa 
(1.12) (1.17) (1.59) (4.15) 
PLY 0.3a 0.2a 0.0a 0.0a 
(0.09) (0.06) (0.05) (0.04) 
DIST 0. la 0.1a 0.0a 0.0a 
(0.03) (0.03) (0.00) (0.00) 
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Yearly differences In time-activity budgets of canvasbacks 
probably most strongly reflect the mild fall in 1984 compared 
to 1983. Considering average weather for both years, air 
temperature decreased from 14.3 to 2.9 °C between week 1 and 
7 (Table 10). Mean weekly water temperature declined from 
13.3 to 3.6 °c before the lake finally froze, while mean 
windspeed gradually increased from 6.2 to 16.5 km/h. The 
qualitative variables of wind direction, precipitation, and 
cloud cover showed little trend, but the water surface became 
rougher during late fall. 
Multiple regression indicated which factors contributed 
to explaining behavior differences based on 2412 h of 
observation on lesser scaups and canvasbacks (Table 11). 
Each of the weather variables improved the fit of at least 1 
of the regressions. The proportion of time spent sleeping 
was related to all weather variables except for water 
surface. All other behaviors were dependent on combinations 
of 2-4 weather variables. 
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Table 10. Mean weekly weather conditions observed during 
fall staging in 1983 and 1984. Air and water 
temperature (Oc) and wind speed (km/h) are 
reported with a range in parentheses. Wind 
direction is quantified clockwise on a scale from 
1 to 8 from north to northwest. Qualitative 
variables including precipitation (O=none, l=fog, 
2=light rain, 3=heavy rain, 4=snow), cloud cover 
(0=clear, l=partly cloudy, 2=cloudy), and water 
surface (0=calm, l=light waves, 2=heavy waves, 
3=whitecaps) are reported with standard errors in 
parentheses 
Week (Mean Julian Date) 
FACTOR 279 286 293 • 300 307 314 321 
Samples (N) 59 32 61 47 42 39 35 
Air 
Temperature 
14.3 
(5-24) 
13.1 
(6-21) 
9.0 
(3-16) 
10.4 
(2-21) 
6.8 
(0-14) 
3.6 
(-3-7) 
2.9 
(-5—14) 
Water 
Temperature 
13.3 
(8-18) 
12.6 
(5-17) 
10.0 
(6-18) 
9.5 
(4-14) 
7.6 
(3-10) 
4.4 
(0-5) 
3.6 
(-1-11) 
Wind 
Speed 
6.2 
(0-17) 
6.7 
(0-15) 
9.8 
(0-35) 
11.0 
(0-25) 
13.8 
(0-25) 
14.6 
(0-55) 
16.5 
(0-35) 
Wind 
Direction 
2.4 2.9 3.6 4.5 3.4 4.4 4.0 
Precip- 0.3 0.3 0.2 0.4 0.3 0.7 0.4 
itation (0.69) (0.59) (0.62) (0.71) (0.65) (1.36) (0.92) 
Cloud 1.2 1.7 1.2 1.1 1.4 1.5 1.2 
Cover (0.79) (0.58) (0.84) (0.83) (0.70) (0.82) (0.95) 
Water 
Surface 
0.3 0.4 1.3 1.3 1.9 1.6 2.0 
(0.68) (0.81) (1.18) (1.40) (1.27) (1.22) (1.12) 
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Table 11. Effect of weather on the time-activity budget of 
canvasbacks and lesser scaups during fall staging. 
Analysis of variance tests (SAS Institute 1982) 
were used to show which weather variables 
explained variation in percent occurrence of a 
behavior. Tests are based on 2442 scan sample 
hours for both species 
Factor SLEEP REST PREEN SWIM SOC FEED FLY DIST 
Air *** 
Temperature 
Water *** 
Temperature 
Wind *** 
Direction 
Wind * 
Speed 
Precipitation * 
Water 
Surface 
Cloud ** * *** *** 
Cover 
*E < 0.05. 
< 0.01. 
***E < 0.001. 
*** *** 
*** *** *** 
*** ** 
« * *  * *  *# 
* * * * 
** 
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DISCUSSION 
Fall staging areas on the UMR may be critical resources 
for survival of canvasback and lesser scaup populations. 
Canvasbacks may gain more than 170 g on Lake Onalaska during 
fall staging (J. Serie, U. S. Fish and Wildlife Service, 
unpublished data). Adult canvasbacks may increase their body 
weight by 10%, and immature ducks may add 15% of their body 
weight on Lake Onalaska. There is a strong correlation 
between body weight and fat in waterfowl (Johnson et al. 
1985). By adding weight during fall staging, canvasbacks are 
storing fat which may improve their body condition and 
ability to survive through the winter. 
The number of times canvasbacks dove each day was 
calculated from the total time spent foraging and the average 
length of a dive. Canvasback males foraged 20.8% of the 
time, and their dives averaged 14.7 s on Lake Onalaska 
(author's unpublished data). Female canvasbacks foraged 
17.9% of the time, and their dives averaged 14.9 s. Based on 
these estimates, male canvasbacks foraged 5.0 h each day and 
dove an average of 1220 times. Female canvasbacks spent 4.3 
h diving, and dove 1038 dives each day. 
Male lesser scaups averaged 18.4 s/dive (author's 
unpublished data) while foraging for 14.4% of the day. 
Females averaged 14.5 s/dive while foraging for 19.7% of each 
day. Based on these estimates, male lesser scaups dove 676 
40 
times each day in 3.5 h, while females dove 1174 times per 
day in 4.7 h. 
Canvasback males dive more than female canvasbacks. 
Canvasbeck males are larger than females so they may need to 
feed more to sustain their energy demands. However, male 
lesser scaups are larger than female lesser scaups (author's 
unpublished data), but males dive less than females. 
Male and female canvasbacks may dive more during the 
spring than during fall migration (M. Anderson, Delta 
Waterfowl and Wetland Research Station, unpublished data). 
Males dive 29.6% of the time and females dive 26.3% of the 
time in the spring. Lesser scaups also dive more in spring, 
and female lesser scaups dive nearly twice as frequently. 
Siegfried (1974) found female lesser scaups dove more than 
male lesser scaups (35.1% to 16.6%) in spring. The 
indication that ducks dive more during spring does not 
necessarily mean they consume more food. The food available 
in spring may have lower energy content per item. The time-
activity budgets estimated by Anderson (unpublished data) and 
Siegfried (1974) may have been different from results in this 
study because they used focal or instantaneous scan samples. 
Day's (1984) research on diving duck behavior during 
fall is directly comparable to this study because he used the 
same scan sample procedure. He found that male canvasbacks 
staging on Pool 19 during fall migration dove 25.1% while 
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female canvasbacks dove 21.1% of each day (Day 1984). Day 
(1984) also reported that male lesser scaups dove 15.3% of 
the time while female lesser scaups dove 16.6%. Male and 
female canvasbacks and female lesser scaups were foraging for 
22 s/dive. Male lesser scaups dives were shorter (20 s). 
Thus, canvasbacks spend more time diving on Pool 19 than on 
Lake Onalaska. Canvasbacks feed on fingernail clams 
(Sphaerium spp.) in Pool 19 (Thompson 1973) and on wildcelery 
winter buds on Lake Onalaska (Korschgen et al. 1987). Winter 
buds contain 14 times more metabolizable energy than 
fingernail clams (author's unpublished data) which may 
explain why canvasbacks forage more on Pool 19. 
The true proportion of time ducks spend foraging on Lake 
Onalaska may be higher than any of these studies indicate. 
Captive canvasbacks rest for an average of only 14.8 s 
between dives in continuous series (author's unpublished 
data). If resting time between dives is a required part of 
foraging, canvasbacks spend more time foraging and less time 
resting than is reported. 
The time-activity budget of canvasbacks and lesser 
scaups changes through the fall staging period. Both species 
feed more during the middle of the migration when the 
majority of the migrants are passing through the area. 
Weekly differences in foraging may mean that groups of ducks 
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in different energetic condition are stopping at Lake 
Onalaska. 
Early migrants have more time to forage before weather 
conditions impede their migration, so these birds may forage 
less frequently and stage for a longer period. Late migrants 
may forage less frequently because weather conditions are 
more extreme later in the fall (Table 10). Late migrants may 
stage for a shorter period before departing for staging areas 
further south. However, the length of time birds spend 
staging during migration has never been successfully studied. 
The percentage of time that canvasbacks are disturbed 
also varies weekly. Most disturbances of canvasbacks occur 
during the day of the first 2 weeks of the fall. 
Disturbances may adversely affect the amount of time 
available for ducks to forage (Pedroli 1982, Korschgen et al. 
1985). 
Korschgen et al. (1985) reported that recreational 
boaters caused 7.7 disturbances per day in 1980. The ducks 
left the lake for an average period of 4.4 min following a 
disturbance. Thus, on a daily basis, the ducks were 
disturbed 34 min/day or 2.4% of the time. Scan samples for 
time-activity budgets are based on observations of ducks 
sitting on the water. Thus the percentages reported for 
disturbance (0.6%) in this paper may be underestimated. 
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Canvasbacks and lesser scaups spend more time feeding at 
night than at any other time of the day. Perhaps diving 
ducks may avoid disturbances by foraging at night. Diving 
ducks on Pool 19 move to different sections of the pool 
during the night to feed (Thornburg 1973). Unfortunately, 
nocturnal behavior is often ignored in studies of diving duck 
behavior. 
Diving ducks may forage when conditions are 
energetically most beneficial. Studies of resting costs of 
these species (author's unpublished data) indicate colder 
water temperatures significantly increase activity costs. 
Ducks rest and sleep during the day when radiant energy warms 
their bodies, and they dive more at night when expending 
muscular energy will generate heat. Canvasbacks and lesser 
scaups dive significantly more than usual when north winds 
blew on clear, calm days. As weather conditions become more 
extreme during the fall, canvasbacks and lesser scaups spend 
more time sleeping and resting. Sleeping is an energetically 
inexpensive behavior for ducks (Wooley and Owen 1977), and 
ducks may prevent heat loss from their bills in sleeping 
postures (Kilgore and Schmidt-Nielsen 1975). 
Time-activity budgets of canvasbacks and lesser scaups 
are significantly different given different year, week, time, 
and weather combinations. These results have important 
implications because they mean that diving ducks are very 
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flexible behaviorally, and energy budgets for staging ducks 
based on average daily behavior may be an oversimplification. 
This study depends on an important premise: samples of 
the duck's behavior taken in different locations during the 
same hour or in different hours during the same day are 
independent. Pseudoreplication (Hurlbert 1984) is certainly 
a problem with behavior data gathered from a small number of 
ducks sampled repeatedly in a very short time. 
Unfortunately, the demarcation line when dependent samples 
become independent observations is not clear. 
The behavior of birds in 1 scan may be related to 
behavior in the next scan, but is behavior in 1 h related to 
behavior in the next hour, or are behaviors correlated 
between days, weeks, or years? Because the same population 
of birds are observed (although individuals are selected 
randomly for observation from flocks during each hour), is it 
possible to test for differences in behavior and obtain 
meaningful significance levels? At the very least, 
researchers examining time-activity budgets should state the 
assumptions they made regarding sample independence. Readers 
may then decide if samples are sufficiently independent, and 
if observed behavior differences are believable. 
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PART II. SEX RATIO AND LENGTH OP STAY 
OF CANVASBACKS STAGING ON LAKE ONALASKA, 
UPPER MISSISSIPPI RIVER 
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ABSTRACT 
The sex ratio of canvasbacks (Avthva valislneria) 
staging on Lake Onalaska, Upper Mississippi River (UMR), was 
examined. According to censuses conducted weekly during the 
7-week fall staging period (1 October to 24 November) in 
1984, canvasbacks accounted for 527,500 use days on Lake 
Onalaska. Aerial photographs taken biweekly revealed that 
the sex ratio was strongly skewed toward males (86.7%). Sex 
ratio estimates were combined with census figures for 
calculation of male canvasback use days. Adjusted sex ratio, 
corrected for the number of ducks, was 83.1% male. However, 
length of stay confounded the analysis. Eleven canvasbacks 
were affixed with radio transmitters in 1982, and their 
disappearance rate was recorded. Two adult females stayed 
for an average of 5.S days while 9 males spent a mean of 20.5 
days staging or 3.7 times longer. The extreme sex ratio may 
have been partially a measurement error caused by differences 
in length of stay between males and females. 
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INTRODUCTION 
"The fall count purports to be a total 
census and it differs from the breeding 
ground survey in that there is not an 
expansion of the drakes observed to 
account for females. There isn't the sex 
ratio disparity problem associated with 
the fall or winter census as there is 
with the breeding ground census. It's in 
the area of sex ratio disparity where 
perhaps the widest area of uncertainty 
and disagreement lies. Whether there is 
a sex ratio of 55% drakes or 70% drakes, 
makes a tremendous difference...." 
—D. L. Trauger (in Ellis and Trauger 1976) 
Canvasbacks have the greatest sex ratio disparity of any 
North American duck species (Alexander and Taylor 1983). 
Equal numbers of male and female canvasbacks are produced 
each year (Sowls 1955, Bellrose et al. 1961). The proportion 
of young male canvasbacks leaving the breeding grounds (Class 
III) does not increase prior to fledging (M. Anderson, Delta 
Waterfowl Research Center, unpublished data), and the sex 
ratio may be fairly even through the first year (Reinecker 
1985). Reinecker (1985) found that subadults trapped on San 
Francisco Bay following the hunting season are 50% male. 
However, the male proportion of the population increases 
dramatically during fall migration in the midwest (Bellrose 
et al. 1961). 
Bellrose et al. (1961) compiled data on sex ratios of 
canvasbacks throughout their range. They found that the 
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proportion of males was 62.6% in North Dakota, 64.0% in 
Minnesota, and 65.4% in Manitoba. Sex ratios observed on the 
Illinois River were 79.4% male, while canvasbacks staging on 
the Upper Mississippi River (UMR) were 75.2% male. 
Wintering populations of canvasbacks on Chesapeake Bay 
varied between 56.5% and 89.9% male (Welling and Sladen 
1979). Males arrived on wintering areas later in the fall 
and departed earlier in the spring. Spring numbers were 44.4 
to 69.7% male (Welling and Sladen 1979). Higher proportions 
of males were observed in larger flocks of ducks. 
Nichols and Haramis (1980b) also studied canvasbacks in 
the winter on the Atlantic coast. They found a higher 
proportion of male canvasbacks wintered further north 
compared to females. They suggested that males predominated 
in northern areas because: 1) they gained a reproductive 
advantage by wintering closer to breeding areas, 2) females 
were energetically limited to milder climatic areas, and 3) 
males excluded females through intraspecific competition. 
Nichols and Haramis (1980b) suggested that competition 
may be the main reason why males winter further north because 
males are dominant over females in areas where canvasbacks 
are numerous. If males concentrate in different areas than 
females, the skewed sex ratio observed in canvasbacks may be 
partially a problem of incomplete censuses. 
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However, Geis (1959) suggested that the explanation for 
the highly skewed sex ratio is that females have higher 
mortality rates than males. Differential mortality of male 
and female canvasbacks is well documented. Geis (1959) 
estimated that the annual survival rate of female canvasbacks 
banded in Michigan was 63% compared to male survival of 67%. 
The survival rate of females banded in Louisiana was 52% 
compared to male survival of 65% (Geis 1959). Nichols and 
Haramis (1980a) also found that male canvasbacks have higher 
survival rates than females based on duck banding data for 
the mid-Atlantic states (75.2% to 56.2%), New York (72.6% to 
56.1%), and California (81.8% to 69.0%). 
The period in the annual cycle where differential 
mortality may be causing this skewed sex ratio has been the 
subject of recent debate (Alexander and Taylor 1983, Johnson 
et al. 1985). Geis (1959) suggested that the higher female 
mortality rates observed in canvasback populations were 
caused by mortality in both the breeding season and the 
hunting season. In a study of New York canvasbacks, DeGraff 
et al. (1961) argued that hunting mortality was not 
important, while Olson (1965) suggested that differential 
hunting vulnerability was largely responsible for the skewed 
sex ratio. Alexander and Taylor (1983) claimed that breeding 
season and winter mortality were culpable. 
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While making scan samples of behavior on the UMR in 1983 
(author's unpublished data) we observed that more than 75% of 
the staging population was composed of male birds. Counts 
were then made from aerial photographs taken on 15 October 
and 3 November 1983 and we found the sex ratio was 85.2% to 
85.8% male. Following these findings, a more extensive study 
was initiated in 1984 to examine the dynamics of the sex 
ratio of canvasbacks staging on Lake Onalaska, Navigation 
Pool 7, UMR during the fall migration period. A second 
objective was to relate observed sex ratios to the relative 
length of time each sex stayed on Lake Onalaska as measured 
with radio telemetry in 1982. 
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METHODS 
Transects were flown over Lake Onalaska to obtain 
complete counts of canvasbacks each week during the 7 week 
staging period. The airplane was flown at airspeeds of 180 
km/h along transect lines located approximately 400 m apart, 
and experienced observers were used to conduct surveys. 
Sex ratio was estimated from aerial photography taken 
during surveys flown biweekly as weather permitted. A 35 mm 
camera with a 100 mm lens and 200 to 400 ASA color slide film 
was used to take pictures of staging canvasbacks. Pictures 
were taken serially along each transect from an altitude of 
90 m. The number of samples varied because some of the 
slides were not clear enough to determine sex of the birds. 
Slides were projected on a screen, and the number of male and 
female canvasbacks were counted. 
Length of stay was estimated for canvasbacks staging on 
Lake Onalaska in 1982 with radiotelemetry packages surgically 
implanted in the birds' body cavity as described by Korschgen 
et al. (1984). Canvasbacks were captured with night-lighting 
techniques, weighed, implanted with transmitters, and 
released to the lake. Biweekly flights were conducted to 
relocate radio-tagged birds. Linear regression (GLM: SAS 
Institute 1982) was used to determine if length of stay was 
related to weight of the duck. 
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RESULTS 
Canvasback use days were calculated from weekly censuses 
(Table 1). Each count was multiplied by the number of days 
between counts to estimate total use days. More than 527,000 
canvasback use days were recorded in 1984. 
Twelve sex ratio surveys were successfully conducted 
during 1984 (Table 2). Over 12,565 canvasbacks were counted 
from 458 slides. The sex ratio was always greater than 75% 
male, and 89.7 to 97.4% of the canvasbacks using Lake 
Onalaska during the last 2 weeks of the fall were male. The 
proportion of females was highest during the middle of fall 
migration (Figure 1). 
The number of canvasbacks counted in 1984 was multiplied 
by the proportion of males to estimate male and female use 
days on Lake Onalaska. Male canvasbacks comprised 475,600 of 
the use days in 1984, based on this estimate. The average 
overall sex ratio of the population using Lake Onalaska in 
1984 was 83.1% (SE = 2.54) male. 
The length of time radio-tagged canvasbacks staged on 
Lake Onalaska in 1982 was highly variable (Table 3). 
Different individuals spent 3 to 32 days on the lake. Female 
canvasbacks did not stay as long as males (5.5 to 20.2 days). 
The difference was not significant (to.o5,9 = 2.1, 0.05 < p < 
0.10), and the sample sizes were very small. 
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Table 1. Counts of canvasbacks staging on Lake Onalaska 
during fall migration of 1984. Aerial surveys were 
conducted weekly by experienced observers. Total 
use days were estimated by summing the product of 
each count and the number of days between counts 
Jul ian Date Ducks Counted 
275 5,600 
278 1,920 
291 9,237 
296 18,060 
303 32,600 
310 7,500 
318 5,800 
Mean 11,531 
Total Use Days 527,500 
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Table 2. Sex ratio of canvasbacks staging on Lake Onalaska 
during the fall of 1984. Twelve aerial surveys 
were conducted to obtain photographs of canvasbacks 
in different areas of the lake. Counts of ducks 
from clear, interpretable slides were used to 
estimate sex ratio. Total ducks counted in each 
slide depends on how dispersed birds were. 
Standard errors are reported in parentheses 
Julian 
Date Slides Ducks Mean 
% Male 
SE 
274 33 1033 84.6 (6.28) 
278 72 1942 87.1 (3.95) 
292 32 182 79.7 (7.11) 
295 37 197 76.1 (7.01) 
298 32 599 84.3 (6.43) 
302 68 2710 81.9 (5.17) 
305 51 2972 76.0 (5.98) 
310 31 107 89.7 (5.45) 
312 25 108 94.4 (4.58) 
317 29 175 96.0 (3.66) 
319 18 383 97.4 (3.75) 
323 30 2157 92.7 (4.75) 
MEAN 38.2 1047 86.7 (7.47) 
WEIGHTED MEANS 83.1 (2.54) 
^Weighted sex ratio calculated by multiplying proportion 
of males from sex ratio surveys by the number of birds 
counted in censuses during each week. 
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Figure 1. Sex ratio of canvasbacks staging on Lake Onalaska, Upper 
Mississippi River during fall migration. Means indicate 
the proportion of canvasbacks which are male based on 12 
censuses. Means are based on an average of 38.2 slides 
per census 
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Table 3. Mean length of stay of canvasbacks staging on Lake 
Onalaska during fall migration in 1982. Estimates 
are based on canvasbacks captured on Lake Onalaska 
and affixed with implanted transmitters. Means are 
followed by standard errors in parentheses 
Relocations 
Bird Aae® Sexb 
Weight 
(a) 
First 
Date® 
Last 
Date® Number 
Duration 
(Davs) 
1 A M 287 305 2 19 
2 A M 1317 295 312 4 18 
3 A •F 1226 295 297 1 3 
4 I M 1281 295 297 6 26 
5 A F 1191 295 302 2 8 
6 I M 1266 , 295 302 1 8 
7 A M 1434 295 326 7 32 
8 A M 1380 295 326 9 32 
9 A M 1478 301 312 4 12 
10 A M 1427 301 326 4 26 
11 A M 1559 304 312 2 9 
MEANS 
Female 
Male 
Total 
1209 
1393 
1356 
1.5 
4.9 
3.8 
5.5 
( 3.53) 
20.2 
( 9.31) 
17.5 
(10.30) 
^Adult (A) and Immature (I) ducks are indicated. 
^Male (M) and female (F) canvasbacks. 
Gjulian date. 
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Length of stay may have been related to the weight of 
each duck (Figure 2). Although a linear model (GLM: SAS 
Institute 1982) did not fit the data (F = 0.72, jg = 0.42), a 
model with quadratic terms (Figure 2) did explain some of the 
variation in mean length of stay (F = 5.64, g = 0.03). 
However, it was not possible to analyze age and sex 
differences by weight because of the small sample sizes. 
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Figure 2. Quadratic expression relating the length of 
time canvasbacks stage on Lake Onalaska, 
Upper Mississippi River during fall 
migration and body weight 
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DISCUSSION 
The breeding population of canvasbacks averages 572,000 
birds based on censuses between 1964 and 1984 (U. S. Pish and 
Wildlife Service, Migratory Bird Management Office 
unpublished Administrative Report, 11 July 1984). Lake 
Onalaska is one of the first areas reached by canvasbacks on 
their migration route from the northern prairies to the east 
and gulf coasts (Stewart et al. 1958, Serie et al. 1983). 
The sex ratio of young canvasbacks leaving the breeding 
grounds is believed to be 50% male. The sex ratio of 
breeding adults is about 75% male (Bellrose 1976). 
Assuming that the male:female ratio is 75:25 at the end 
of the breeding season, production of young is 2.9 
young/female (Bellrose 1976), and postbreeding mortality 
rates of males and females are the same, the fall canvasback 
population at Lake Onalaska theoretically should be 64.5% 
male. Instead, the observed sex ratio at Lake Onalaska is 
83.1% male. 
Several factors may be responsible for this disparity 
between the theoretical and the observed sex ratio on Lake 
Onalaska. Female canvasbacks may bypass Lake Onalaska and 
stage on Pool 19 or some other staging areas. Large flocks 
of canvasbacks on Chesapeake Bay are predominantly male 
(Welling and Sladen 1979) which Nichols and Haramis (1980b) 
suggest is the result of competition. Perhaps females are 
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avoiding Lake Onalaska because of the large concentration of 
male canvasbacks. However, interactions between canvasbacks 
staging on Lake Onalaska during the fall were very infrequent 
(author's unpublished data), and there is no evidence from 
previous research on the migration of canvasbacks that 
females were avoiding the Lake Onalaska area (J. Serie, U. S. 
Fish and Wildlife Service, unpublished data).. 
The length of time migrating canvasbacks stay on Lake 
Onalaska may mask the true population sex ratio. The staging 
population is dynamic with regular immigration and 
emigration. If males stay 5 times as many days as females, 
the actual sex ratio proportion may be 50% male. Females may 
be arriving at and leaving the area at a faster rate, 
resulting in fewer females counted on the area at any 1 time. 
Radio-tagged males remained 3.7 times longer on Lake 
Onalaska than radio-tagged females. If this difference is 
real, the actual sex ratio in 1984 was 62.5%. This estimate 
agrees well with the theoretical proportion of 64.5% male 
calculated above. Unfortunately, the radiotelemetry data 
from canvasbacks captured on Lake Onalaska are less than 
ideal. The number of individuals marked was small and the 
effect of the radio package and implant procedure on length 
of stay is unknown. We also do not know how long the ducks 
were on Lake Onalaska before they were captured. Radio 
telemetry provides the best potential for studying the 
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dynamics of migration but adequate numbers should be marked 
on the breeding or wintering ground and tracked over their 
entire migration route. 
Although separate estimates of adult and juvenile female 
canvasback mortality are not available for postbreeding 
periods, differential female mortality during harvest (Geis 
1959, Olson 1965) may contribute to the skewed fall sex ratio 
(Johnson and Sargeant 1977). Hunting accounts for an average 
reported kill of 96,350 canvasbacks annually, based on 
harvest data from 1964 to 1984, of which 44,540 or 46% are 
females (U. S. Fish and Wildlife Service, Office of Migratory 
Bird Management, unpublished Administrative Report, 11 July 
1984). 
Hunting regulations in Canada are less restrictive than 
in the United States (Boyd 1983), and the reported average 
annual harvest in the period 1974-82 by Canadian hunters was 
29,000 canvasbacks (Boyd 1985). Minnesota (10,700), North 
Dakota (6,100), and Wisconsin (2,500) hunters may also take a 
large number of canvasbacks. If 52.4% of the recently 
harvested canvasbacks are male, as in 1983 (Sorensen et al. 
1984), then 25,300 females are removed before canvasbacks 
reach Lake Onalaska. 
Sex ratio surveys are useful tools in management of 
species where the proportion of males and females is not 
equal. Estimating the sex ratio of canvasbacks throughout 
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the annual cycle may uncover periods of the year where 
differential mortality is causing the unbalanced sex ratio. 
Sex ratios must be interpreted cautiously, however, if the 
length of time ducks stay in an area is unknown, or if sexes 
are segregated and surveys do not completely cover all areas 
where birds of both sexes are distributed. 
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PART III. EFFECT OF WATER TEMPERATURE ON RESTING ENERGY 
COSTS OF CANVASBACKS AND LESSER SCAUPS 
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ABSTRACT 
Energetic costs of canvasbacks (Avthva valisineria) and 
lesser scaups (Avthva affinis) resting on water were measured 
with an open-circuit oxygen system. Resting cost increased 
as water temperature was decreased from 35 °c to 0 °C. 
Resting cost for canvasbacks on water exceeded resting cost 
for canvasbacks in air by 1.5 times. Conductance in 
canvasbacks was slightly higher than conductance in lesser 
scaups (1.46 to 1.43 KJ/h/°C). Canvasbacks and lesser scaups 
never reached a thermoneutral condition when in water whose 
temperature was similar to natural conditions. 
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INTRODUCTION 
Canvasbacks (Avthva vallsinerla) and lesser scaups 
(Avthva affinis) are the largest and smallest representatives 
of the North American freshwater pochards. Canvasbacks 
average 1.21 kg in weight compared to 0.79 kg for lesser 
scaups (Bellrose 1976). Both species spend their entire 
lives in water except for brief periods during the breeding 
season (Bellrose 1976). Diving ducks must be insulated in 
air and water to survive extreme environmental conditions. 
Air has a heat capacity of 0.0013 KJ/1/°C while water 
holds 3200 times as much heat or 4.18 KJ/1/°C (Schmidt-
Nielsen 1983). Conductivity of water (5.96 KJ/s/cm/°C) is 25 
times greater than air (0.24 KJ/s/cm/Oc). Consequently, 
greater insulation is required to insulate a duck from cold 
water temperatures as opposed to cold air temperatures. 
Ducks regulate body temperature by offsetting heat lost 
to the environment with heat produced by internal metabolism, 
through the conversion of food energy (Calder 1974). They 
lose heat to the air through sensible heat loss (radiation, 
convection, and conduction) and insensible loss by 
evaporation (Van Kampen 1974). Heat is lost to the water by 
convection and conduction. Physiological responses to cold 
include shivering, exercise, and specific dynamic action 
(SDA) or gaining heat from digesting food (West 1962). 
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However, vasoconstriction and plumage adjustment usually 
precede increased heat production (King and Earner 1961). 
In air, the skin of a bird may decrease conductive heat 
loss 3 to 5 times (Herreid and Kessel 1967). Feathers 
windproof the surface of birds and reduce heat loss by 2 to 3 
times (Van Kampen 1974). Subdermal temperatures remain 
within 1 °C of Ty while skin temperatures are within 1 to 2 
°C of Tjj in air (Dawson and Tordoff 1959). 
Although fat and feathers serve as insulation (West 
1962), unfeathered legs, feet, and bills may result in heat 
losses (Bartholomew and Dawson 1953, Kilgore and Schmidt-
Nielsen 1975). To protect external appendages and maintain 
tissue temperatures above freezing, birds alter blood flow, 
increase heat production, or modify their behavior. Great 
black-backed gulls (Larus marinus) and gray herons (Ardea 
cinerea) lost 60 to 100% of their heat from their feet (Steen 
and Steen 1965) while mallards (Anas platvrhvnchos) lost less 
than 16% (Kilgore and Schmidt-Nielsen 1975). 
I studied the effect of water temperature changes on 
resting energy costs in canvasbacks and lesser scaups. The 
specific objectives of the study were to determine (1) 
whether resting rates in cold water varied between 2 species 
which differed greatly in size, and (2) if energy costs in 
water were higher than those in air. 
71 
METHODS 
Six captive-reared canvasbacks and 6 lesser scaups 
trapped from Lake Onalaska on Pool 7 of the Upper Mississippi 
River were used in experiments to estimate resting cost. The 
ducks were maintained on an ad libitum diet of duck 
conditioner, corn, and wheat in an outdoor pen containing a 
stock tank filled with water. Canvasbacks averaged 1.002 kg 
while lesser scaups averaged 0.569 kg. Three males and 
females of each species were tested. A total of 96 trials (8 
temperatures x 2 species x 2 sexes x 3 birds) were conducted. 
An open-circuit oxygen system was designed similar to 
systems used by Dawson and Tordoff (1959) and Hagan and Heath 
(1976: Figure 1). A small (30 x 30 x 42 cm) airtight 
plexiglass box was constructed to limit duck movements and to 
fit snugly within a plexiglass tank of water 30 cm deep. The 
entire assembly was placed in an environmental chamber. A 
red light was placed in the environmental chamber and a 
peephole was drilled through the door to allow behavior of 
test animals to be observed. 
Room air averaging 21 °c was pulled into the chamber 
through a 1.5 cm inner diameter Tygon hose on 1 side of the 
box and out the other side of the measurement apparatus. A 
humidity sensor was connected in the line in a water trap 10 
cm long, made of PVC pipe 5 cm in diameter. A second trap, 
15 cm long and made of the same diameter pipe was placed in 
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Figure 1. Experimental apparatus used to 
examine resting costs of diving 
ducks at different water 
temperatures 
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the line below the humidity sensor. Air was pulled through 
the system at 5.00 1/min and controlled by a flowmeter. A 
subsample of 0.25 1/min was pulled through carbon dioxide and 
oxygen analyzers. 
Trials were conducted in summer of 1984 and spring of 
1985. Ducks were not acclimatized to tested temperatures. 
Van Kampen (1974) has suggested that rates measured in 
resting cost trial? may reflect conditions the birds 
experienced prior to experimentation, and birds should be 
acclimatized to tested temperatures. However, Dawson (1958) 
and West (1962) noted that experimental acclimatization under 
constant temperatures will produce artificial results because 
normal environmental conditions include widely fluctuating 
temperatures. Additionally, Kendeigh (1949, 1969) reported 
that basal metabolism was seasonally stable. 
Ducks used in the trials were starved for 12 h previous 
to being placed in the chamber to establish a postabsorptive 
state. The birds were allowed to adjust for 30 min which was 
found to be an adequate period to allow readings to stabilize 
based on preliminary trials. Other researchers have stated 
that birds respond to temperature differences within a few 
minutes (Kilgore and Schmidt-Nielsen 1975, Van Kampen 1974). 
Measurements were made every 30 s over the next 90 min and 
recorded on an Apple II computer using an analog to digital 
board. 
74 
Each duck was tested at 8 water temperatures between 0 
°C (using salt In the water to prevent freezing) and 35 °C. 
The order of presenting temperatures and selecting ducks was 
randomized. Relative humidity was allowed to vary with water 
temperature. Conditions approximated the microclimate of a 
duck at rest during calm conditions with total air flow of 
0.001 m/s, well below the 3.00 m/s needed to disrupt the 
boundary layer of air surrounding a bird (Van Kampen 1974). 
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RESULTS 
Resting energy costs and oxygen use Increased in both 
species of diving ducks as temperature decreased (Table 1). 
Canvasbacks used an average of 29.1 ml/min of oxygen over the 
range of temperatures tested. Male and female canvasbacks 
used similar amounts of oxygen (27.2 and 30.9 ml/min). 
Oxygen use by lesser scaup males (34.9 ml/min) and females 
(22.6 ml/min) differed more than oxygen use by canvasbacks; 
however, species and sex differences were not significant 
(Table 2). 
Species and sex interactions were significant (F = 4.78, 
p = 0.03). Male canvasbacks used less energy than female 
canvasbacks while male lesser scaups used more energy than 
female lesser scaups. Body size differences cannot explain 
differences between sexes because males were larger in both 
species (Bellrose 1976). 
Body size differences may explain differences between 
species. Analysis of variance (Table 3) indicated that 
canvasbacks' and lesser scaups' use of oxygen per kilogram 
(ml/min/kg) differed significantly (F^ = 20.21, p = 
0.0001). Lesser scaups used more energy per kilogram while 
resting than the larger canvasbacks (Table 4). 
A linear regression based on oxygen measurements for 
both species and sexes (Figure 2,3) was estimated as: 
Y = 41.9576 - 0.7572 T (1) 
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Table 1. Oxygen consumption (ml/mdn) rates of resting male 
and female canvasbacks and lesser scaups at 
different water temperatures. Means are based on 2 
h trials with 3 birds for each species and sex 
combination. Standard errors are listed in 
parentheses below the means 
Temp 
(OC) 
Canvasbacks Lesser Scaups 
Male Female Both Male Female Both 
0 42.2 30.4 36.3 48.5 40. 2 44.3 
(19.5) ( 6.7) ( 9.6) (13.6) ( 6.1) ( 6.9) 
5 47.1 61.2 54.1 44.4 36.5 40.4 
(19.1) (24.4) (14.2) ( 7.8) (10.3) ( 6.0) 
10 23.8 28.1 25.9 39.0 20.4 26.6 
( 8.7) ( 5.6) ( 4.7) (22.5) ( 2.8) ( 7.2) 
15 21.5 23.9 22.7 32. 1 16.7 24.4 
( 8.6) ( 7.0) ( 5.0) ( 8.6) ( 6.5) ( 5.9) 
20 36.0 37.2 36.6 40.3 32.0 36. 1 
(19.0) (11.1) ( 9.9) (13.6) ( 3.8) ( 6.6) 
25 20.8 28.7 24.8 24.9 17.2 21.1 
( 3.4) ( 4.9) ( 3.2) ( 8.2) ( 3.9) ( 4.4) 
30 14.0 21.7 17.9 22.2 7.7 14.9 
( 2.2) ( 4.3) ( 2.6) (11.5) ( 1.5) (6.1) 
35 11.9 16.2 14.1 27. 9 10. 1 19.0 
( 1.3) ( 4.3) ( 2.2) (10.1) ( 4.6) ( 6.4) 
MEAN 27.2 30.9 29.1 34.9 22.6 28.8 
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Table 2. Analysis of variance examining resting costs at 
different water temperatures by species, sex, and 
temperature. Measurements were oxygen consumed in 
ml/min 
Source df SS MS P Pr > F 
Model 31 14500 470 1.47 0.99 
Temperature (Temp) 7 10850 1550 4.86 0.0002 
Species (Sp) 1 10 10 0.03 0.85 
Sex (Sex) I 410 410 1.29 0.26 
Error 64 20440 320 — —  — —  
Temp X Sp 7 890 130 0.40 0.90 
Temp X Sex 7 370 50 0.17 0.99 
Sp X Sex 1 1530 1530 4.78 0.03 
Temp X Sp X Sex 1 440 440 0.02 0.99 
Total 95 35900 m*» MM mm «i 
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Table 3. Analysis of variance examining resting costs of 
canvasbacks and lesser scaups at different water 
temperatures by species, sex, and temperature. 
Measurements were oxygen used per kg body weight 
(ml/min/kg) 
Source df SS MS P Pr > P 
Model 31 39930 1290 2.44 0.001 
Temperature (Temp) 7 19970 2850 5.40 0.0001 
Species (Sp) 1 10680 10680 20.21 0.0001 
Sex (Sex) 1 960 960 1.82 0.18 
Error 64 33810 530 — — —  
Temp X Sp 7 2590 370 0.70 0.67 
Temp X Sex 7 720 100 0.20 0.99 
Sp X Sex 1 4070 4070 7.70 0.01 
Temp X Sp X Sex 7 950 140 0.26 0.97 
Total 95 73760 mmm mm mm mm 
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Table 4. Oxygen consumption rates of resting male and female 
canvasbacks and lesser scaups per kg body weight 
(ml/min/kg). Means are based on 2 h trials with 3 
birds for each species and sex combination. 
Standard errors are listed in parentheses below the 
means 
Temp 
(OC) 
Canvasbacks Lesser ScauDS 
Male Female Both Male Female Both 
0 41.1 31.2 36.1 83.7 75.1 79.3 
(18.7) ( 6.0) ( 9.1) (23.3) (12.8) (12.1) 
5 42.3 65.4 53.9 73.0 63.5 70.7 
(16.7) (27.2) (15.2) (12.8) (19.1) (10.8) 
10 22.8 29.7 26.3 67.8 37.5 47.6 
( 7.7) ( 5.8) ( 4.5) (36.1) ( 5.1) (11.7) 
16 21.0 25.4 23.2 57.2 30.8 44.0 
( 8.3) ( 7.0) ( 5.0) (11.5) (12.0) ( 9.5) 
20 32.6 37.7 35.2 71.4 57.2 64.3 
(16.0) (10.6) ( 8.7) (22.7) ( 7.5) (11.1) 
25 19.7 28.4 24.0 41.5 31 .5 36.5 
( 2.3) ( 6.2) ( 3.5) (14.2) ( 7.2) ( 7.5) 
30 13.7 22.8 18.2 35.8 14.0 24.9 
( 2.2) ( 4.3) ( 3.0) (19.5) ( 2.9) ( 7.5) 
35 11.6 17.1 14.4 48.2 16.8 32.5 
( 1.1) ( 4.6) ( 2.4) (16.9) ( 7.9) (10.9) 
MEAN 25.6 32.2 28.9 60.5 40.8 50.0 
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where Y Is ml O^/min and T is water temperature (r^ = 0.21, 
P= 24.5, p < 0.0001). Lines relating oxygen consumption and 
water temperature fit data for lesser scaups better (r^ = 
0.24) than for canvasbacks (Figure 1; r^ = o.lB). A 
quadratic equation fitting the data to a curve did not fit as 
well (r^ = 0.25, P = 7.43, p < 0.10) as linear equations. 
Energy costs of resting was determined by converting 
oxygen consumption to the amount of food combusted based on 
that oxygen use (Schmidt-Nielsen 1983). Oxygen consumption 
means were multiplied by 20.1 to obtain resting energy costs. 
The average energy cost of resting canvasbacks was 35.0 KJ/h 
while that of lesser scaups was 34.2 KJ/h (Table 5). 
A basal metabolic rate (BMR) coefficient for resting was 
determined based on body size. BMR is defined by the 
International Union of Physiological Sciences as energy used 
by an awake, resting, postabsorptlve animal within its 
thermoneutral zone where metabolic heat production is 
unaffected by temperature change (Schmidt-Nielsen 1983, Van 
Kampen 1974). Calder (1974) reported that for nonpasserlnes: 
M = 15.477 W0"73 (2) 
where M is BMR energy in KJ/h and W is weight in kg. 
Canvasback resting costs at different water temperatures 
varied from 1.0 to 3.7 times BMR derived from equation (2). 
This may mean that canvasbacks are not thermoneutral until 
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Table 5. Summary of resting trial results for canvasback and 
lesser scaup. Oxygen and carbon dioxide are 
expressed in ml/min. The respiratory quotient (RQ) 
is the ratio of carbon dioxide produced divided by 
oxygen used. Oxygen use is converted to energy 
cost with a factor of 20.1 KJ/1 (Schmidt-Nielsen 
1983). Resting energy is compared to a basal 
metabolic rate based on an allometric equation 
relating body weight to energy use (see text: 
Calder 1974) 
Resting Energy Cost 
Temp Og COo RQ Energy BMR 
(°C) (ml/min) • (ml/min) (KJ/h) Multiple 
Canvasback 
0 36.3 30.0 0.83 43.8 2.6 
5 54.1 38.5 0.71 65.3 3.7 
10 25.9 21.3 0.82 31.3 1.8 
15 22.7 18.3 0.81 27.3 1.6 
20 36.6 27.8 0.76 44.1 2.5 
25 24.8 20.5 0.83 29.8 1.7 
30 17.9 13.9 0.78 21.5 1.3 
35 14.1 12.0 0.85 16.9 1.0 
MEAN 29.1 22.8 0.80 35.0 2.0 
Lesser Scaup 
0 44.3 37.0 0.84 53.4 4.5 
5 40.4 32.0 0.79 48.8 4.0 
10 26.6 21.1 0.79 32.0 2.7 
15 24.4 20.1 0.82 29.4 2.5 
20 36.1 26.1 0.72 43.6 3.7 
25 21.1 16.7 0.79 25.4 2.1 
30 14.9 13.0 0.87 18.0 1.5 
35 19.0 15.8 0.83 22.9 1.9 
MEAN 28.4 22.7 0.81 34.2 2.9 
84 
water temperatures are at or above 35 °c. Lesser scaup 
varied between 1.5 and 4.5 times the cost of BMR or at a 
slightly higher cost than canvasbacks. The average 
respiratory quotients (RQ) of 0.80 for canvasbacks and 0.81 
for lesser scaup were similar to an animal burning fat or 
protein (Schmidt-Nielsen 1983), which supports the 
presumption that ducks were in a postabsorptive state during 
the trials. 
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DISCUSSION 
H. Prince (Michigan State University, unpublished data) 
measured energy costs of resting canvasbacks in a chamber at 
different air temperatures and found the following 
relationship: 
Y = 32.82 - 0.62 (T) = 0.86 (3) 
where Y is KJ/h and T is °C. This regression predicts energy 
consumption of 32.82 KJ/h at 0 °C and 16.9 KJ/h at 35 °C. I 
found resting on water costs canvasbacks 1.3 to 1.5 times 
more energy than resting in air. 
Prange and Schmidt-Nielsen (1970) found that the energy 
cost of mallards resting at 22 °C on water was 1.4 times 
higher than mallards resting in air (27.8 to 20.2 KJ/h). 
They attributed the difference in resting costs to increased 
movement of ducks on water in the experimental chamber. 
However, in a subsequent study Kllgore and Schmidt-Nielsen 
(1975) studied heat loss from ducks' feet in water and found 
that ducks lost 1.8 KJ/h from their feet at water 
temperatures between 0-20 °C. My research supports the 
supposition that resting costs are higher in water, because 
of higher heat loss through the feet of ducks. 
Canvasbacks and lesser scaups have very large feet 
(Raikow 1973) for propulsion during diving. More heat may be 
lost from the feet of diving ducks than from dabbling species 
such as the mallard because of the larger surface area of 
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their feet. Frange and Schmidt-Nielsen (1970) estimated that 
mallards have a resting cost of 20.21 KJ/h at 22 ^C. 
Canvasback resting cost at this temperature is estimated to 
be 37.0 KJ/h or 1.8 times higher. Lesser scaups had a 
similar expenditure to canvasbacks of about 34.5 KJ/h or 1.7 
times the rate estimated for mallards. 
If the body temperature (Ty) of diving ducks is similar 
to the mallard (41.5 °C: Hagan and Heath 1976) and heat loss 
is constant below a lower critical temperature (where energy 
costs are increasing as temperature decreases), conductance 
(C) may be estimated as follows: 
C = M/(TB -  TA) (4)  
where C is KJ/h/°C, M is energy cost in KJ/h at a given 
temperature, and is ambient temperature (Herreid and 
Kessel 1967). For an average ambient air temperature of 
17.5 °C, Prince's research (Michigan State University, 
unpublished data) suggests conductance of 0.92 KJ/h/°C for 
canvasbacks in air. I estimate that canvasbacks on water at 
17.5 °C have conductance of 1.46 KJ/h/°C. Lesser scaup 
conductance is slightly less at 1.43 KJ/h/°C. 
Energy cost may be scaled to body weight on a KJ/kg 
basis for different sized individuals (Smith and Prince 1973, 
Baudinette and Gill 1985). Smith and Prince (1973) suggested 
that energy costs may be linearly related to body weight 
(energy cost per kg) for purposes of comparison. However, a 
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linear regression estimating energy cost from temperature and 
weight data for canvasbacks and lesser scaups did not Improve 
the prediction line (tj = 1.24, g = 0.22). 
Allometric equations relating activity costs to body 
weight are also widely used (Calder 1974). The explanation 
for why these equations work has generally been the relation 
between surface area and body weight. Although these 
equations appear to fit data based on a wide range of 
species, they will not necessarily fit well for 1 species 
over a relatively small, but realistic environmental 
temperature range. Factors such as tissue tolerance, 
circulation, and insulatlve properties (Scholander 1955) may 
be more relevant factors in temperature regulation for 1 
species over a range of temperatures. 
The function relating energy cost to temperature has 
been described in 3 ways: as a straight line sloping between 
peak heat output and body temperature intersecting a flat 
line of thermoneutrality, as a concave curve, and as a 
straight line (West 1962, Schmidt-Nielsen 1983). If 0 to 35 
°C represents a reasonable range of water temperatures that 
canvasbacks and lesser scaups encounter in their normal 
environment, a zone of thermoneutrality where resting costs 
remain constant over a range of temperatures never is reached 
(Figures 2, 3). Thus, resting costs vary continuously with 
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water temperature, and water temperature may be a significant 
environmental factor which influences diving duck behavior. 
Water temperature may be more important than air 
temperature when measuring energy costs of aquatic birds. 
Quantifying resting costs for a diving duck in a natural 
setting depends an understanding of the sources of energy 
gain and loss for the bird, recognizing that the microclimate 
on the water surface is much different than for a bird in a 
chamber. Further research in this area may be most 
profitably spent measuring the actual microclimate of a 
diving duck. 
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PART IV. THE ENERGETIC COST OP 
FORAGING IN CANVASBACK DUCKS 
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ABSTRACT 
Canvasbacks (Avthva vallslneria) are structurally and 
behavlorally adapted for foraging underwater. They have a 
unique diving motion compared to other diving ducks because 
of their relatively large body size. This study examined 
diving costs for canvasbacks. The literature on diving 
physiology was reviewed with special emphasis on studies 
about ducks. Captive canvasbacks were found to use 89.4 ml 
Og/min or 108 KJ/h of energy when diving. They expended 0.22 
KJ/dive when foraging for an average of 6.9 s/dive in water 
that was 1 m deep. This energetic expense was 7.7 times a 
basal metabolic rate (BMR), and was higher than swimming 
costs (4.5 X BMR) but lower than flying costs (12-15 x BMR). 
Ducks adding fat reserves during fall migration may have 
increasing diving costs as they increase their weight. 
93 
INTRODUCTION 
The Anatlnae in North America may be divided into 2 
large functionally adaptive groups: the dabbling ducks and 
the diving ducks. The tribe Anatini feed at the water 
surface or tip upright. The Mergini, Oxyurini, and Aythyini 
dive beneath the surface of the water to forage. Diving 
ducks are believed to have evolved from dabbling species 
(Delacour and Mayr 1945, Johnsgard 1968, Raikow 1970, Livezey 
1986). The 3 diving tribes probably arose independently 
through parallel evolution (Raikow 1970). 
Dabbling ducks have larger wings and deeper wing slots 
for lift. They may leap from the water to fly, while diving 
ducks run across the surface (Raikow 1973). Diving ducks 
have larger feet for underwater propulsion. Although petrels 
and penguins (Pelecanoididae and Spheniscidae) use their 
wings to dive, most ducks (Anatidae) use their legs for 
underwater locomotion (Baudinette and Gill 1985) with a few 
exceptions. The oldsquaw (Clangula hvemalis) has been 
observed using its wings to dive (Snell 1984), and scoters 
(Melanitta spp.) extend their alula for control (Brooks 
1945). 
Research on the response of diving animals to 
submergence has a long history (Andersen 1966, Eisner et al. 
1966, Jones and West 1978). However, much less is known 
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about the diving action of ducks. Recent advances in this 
area warrant a review of diving physiology. 
Early research was conducted in the late 1800s by Bert 
(1870) and Richet (1894). Later studies showed that diving 
apnea resulted in tissue anoxia and hypercapnia (Eisner et 
al. 1966), which was combatted by metabolic depression 
(Richet 1899) or by anaerobic processes (Bohr 1897). 
Extensive studies by Irving (1934) and Scholander (1940) 
further documented the "diving response" of animals to 
submergence (Andersen 1966). Huxley (1913) showed that apnea 
was reflexly initiated by Immersion into water and that 
bradycardia developed following submersion. Kooppanyi and 
Dooley (1928) concluded that wetting of the beak, nostrils, 
and nasal cavities of a duck stimulated apnea. Jones and 
West (1978) identified nasal receptors which caused apnea 
during forced submersions of ducks. However, heart rate 
decreased in unrestrained harbor seals (Phoca vitulina) 
before they submerged, suggesting that bradycardia may be 
volitional rather than reflexive (Jones et al. 1973). 
Bradycardia is a consequence of prolonged diastole 
(Andersen 1966). Arterial blood pressure (Johansen and Krog 
1959) and stroke volume (Johansen and Aakhus 1963) do not 
change during diving. Diving animals maintain their blood 
pressure when submerged via an enlarged aortic bulb (Eisner 
et al. 1966). 
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Carotid-body chemoreceptors detect hypercapnic, hypoxic 
blood levels (Woakes and Butler 1983, Jones et al. 1973) and 
stimulate bradycardia and distribution of blood to oxygen 
dependent tissues. Arterial baroreceptors stabilize blood 
pressure by balancing heart rate and peripheral resistance 
(Jones and West 1978). Baroreceptors affect both respiration 
and heart rate, although the effect on heart rate is variable 
(Jones and West 1978). 
Scholander (1940) found lactic acid in the blood 
increased very little in diving seals until the animals 
surfaced. Seals held lactic acid in muscles as peripheral 
vasoconstriction limited circulation. The ability of diving 
animals to tolerate lactic acid protects them from the Bohr 
effect (Andersen 1966) in which the affinity of hemoglobin 
for oxygen decreases as acidity increases. Diving mammals 
also release large amounts of epinephrine and nor­
epinephrine, although the function of this release is unknown 
(Hudson and Jones 1982). 
Heart rate is inversely proportional to dive length in 
marine mammals (Kooyman and Campbell 1972). . Heart rates 
decreased 2.5 times in dives shorter than 5 min and 5-fold 
reductions occurred after 5 min. Forced submersion 
experiments with ducks strapped to a board and forced 
underwater also indicated a decreased heart rate response 
(Kanwisher et al. 1981). 
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Heart rate decreased 60 to 60% in diving ducks submersed 
for over 30 s, and the reduction was inversely related to 
body.size (Eliassen 1957). Forced submersion created a more 
rapid, sharper bradycardia in redheads (Avthva amerlcana) and 
ruddy ducks ( Oxvura .iamaicensls) than in 2 dabbling species 
(Catlett and Johnston 1974). European pochards {Avthva 
ferlna) had heart rate bradycardia of 40% in a 10 s forced 
dive (Butler and Woakes 1975). The southern pochard (Netta 
ervthrophthalma) had greater response than did the Cape 
shoveler (Anas smlthil) but less than the Maccoa duck {Oxvura 
maccoa)(Cook et al. 1977). 
However, experiments on freely diving birds showed that 
most avian species did not respond like marine mammals. 
Eisner et al. (1966) found that heart rate did not decrease 
as much when animals were trained to dip their heads rather 
than being forced to submerge. Pvaoscells papua had lower 
heart rates in forced dives (Millard et al. 1973). Although 
a few species such as the American dipper (Clnclus mexlcanus) 
had more rapid bradycardia in voluntary dives (Murlsh 1970), 
Kanwisher et al. (1981) suggested that in most birds, 
voluntary diving does not result in bradycardia. 
Forbush (1922) first noticed that diving ducks appeared 
to hyperventilate prior to diving. Tufted ducks (Avthva 
fuligula), a relatively small (800 g) species, showed 
tachycardia and tachypnea preceding natural dives (Butler and 
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Woakes 1979, Woakes and Butler 1983). Anticipatory 
bradycardia occurred just prior to submersion (Butler and 
Woakes 1976). Heart rate increased to a frequency similar to 
that seen for a swimming duck, and it remained elevated 
throughout the dive (Butler and Woakes 1975, 1979). 
Apparently, hyperoxic blood detected by carotid-body 
chemoreceptors prevented bradycardia (Jones and West 1978). 
Tufted ducks generally made dives in quick succession 
before heart rate and.respiration recovered (Butler and 
Woakes 1979). Tufted ducks had a resting heart rate of 106 
beats/min (Woakes and Butler 1983). The bird's heart rate 
increased to 326 beats/min during hyperventilation 6.8 s 
before the first dive of a series, but its heart rate fell to 
160 beats/min during diving. Unfortunately, Woakes and 
Butler (1983) found that heart rate was too variable to use 
in prediction of diving costs. 
Length of the first dive was related to preparatory 
heart rate (Butler and Woakes 1979); however, there was no 
relation between duration of the dive and time from last dive 
or time to the next dive. Intervals between dives were 
generally the same length as the dive. Heart rate recovered 
within 14.8 s in tufted ducks and 10.8 s in pochards (Butler 
and Woakes 1979). 
Andersen (1966) estimated ducks could dive 4 min 
aerobically given a 85 ml store of oxygen and diving cost 
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similar to resting costs of 22 ml/min. Measurements by 
Butler and Woakes (1982) showed that an 800 g tufted duck had 
a 190 ml respiratory capacity or 44.2 ml of stored oxygen. 
Aerobic dives of 44 s were possible given this capacity if 
oxygen stores were replenished between dives (Keijer and 
Butler 1982). The respiratory quotient remained constant 
between dives of 9.4 to 22.4 s duration (Woalces and Butler 
1983). 
Despite the extensive amount of research conducted on 
diving animals, only one study (Woakes and Butler 1983) 
attempted to directly measure the energetic cost of foraging 
in diving ducks. Woakes' and Butler's research (1983) was 
conducted on tufted ducks trained to feed at an underwater 
feeder. They used a regression equation to predict oxygen 
use during a dive based on oxygen consumption during diving 
and from pauses between dives. 
This study was undertaken to examine the foraging dive 
of a larger diving duck, the canvasback tAvthva valisineria). 
The specific objectives were to describe the foraging dives 
of freely diving canvasbacks and to estimate the energetic 
cost of their feeding behavior. 
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METHODS 
Captive-reared canvasbacks obtained from Northern 
Prairie Wildlife Research Center in Jamestown, North Dakota, 
were used in diving trials. Diving observations were 
conducted in a 0.025 ha fish pond at the National Fishery 
Research Center in Lacrosse, Wisconsin. Nine birds were used 
in diving experiments at Iowa State University. The ducks 
were maintained initially on an ad libitum diet in an indoor 
area with a 200 1 stock tank filled with water. During the 
trial period, food was only given to the birds at the bottom 
of the stock tank in limited quantities. The ducks' weight 
averaged 884 g. 
A diving tank and open-circuit oxygen system (Figure 1) 
similar to Hagan and Heath (1976) were constructed for the 
trials. The tank was built of plywood sealed with silicon 
caulk and epoxy paint and reinforced by lumber and angle 
iron. The tank was a 1.2 x 2.4 m rectangle, 1.2 m deep. A 
glass window 45 x 60 cm was installed on 1 side for 
underwater observation. Partitions were installed to limit 
the experimental area to a 1.2 m square section in the middle 
of the tank. A tray 0.81 x 0.81 cm was placed in the bottom 
of this area and filled with 10 cm of sand. When the tank 
was filled with water, there was a difference of 1 m between 
the water surface and the sand substrate. Corn was placed on 
the surface of the sand substrate in half of the trials. In 
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the other trials, corn was buried 2.5 cm deep in the sand. A 
large amount of corn was provided so ducks would not be 
limited by food availability. 
A 27 X 45 X 58 cm plexiglas box was suspended with a 
pulley and rope harness from a support structure over the 
diving tank. The box was lowered until the water reached a 
mark 5 cm high on the box. The box contained 70.9 1 of air 
when the tank was full. 
Two holes were drilled in one end of the box for intake. 
A 1.0 cm inner diameter Tygon tubing hose was connected at 
the other end of the box. Air was pulled through the box at 
a rate of 16.79 1/min using two 8 1/min pumps, and a 
subsample pump which drew air through carbon dioxide and 
oxygen analyzers at 0.51 1/min. At this flow rate the box 
was flushed every 4.2 min. 
Total flow was measured with an inverted 1000 ml 
graduated cylinder suspended above a container of water. The 
graduated cylinder was filled with water and inverted with 
the top of the cylinder in the water. Atmospheric pressure 
held the water in the cylinder. The airstream coming from 
the box was channeled through tubing into the graduated 
cylinder, and the rate at which water was displaced was timed 
with a stopwatch. The precision of timing displacement with 
this method was approximately 1.5%. 
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A water trap was placed in the line between the box and 
a "T" which separated the main flow of air from the 
subsample. The water trap was used to catch moisture in the 
line. A drierite column was placed in the subsample line to 
completely dry the air going to the analyzers. 
The diving tank was filled with water at least 1 day 
prior to running a trial. The room was kept at 22 °c and the 
water was allowed to stabilize at that temperature. Relative 
humidity in the plexiglas chamber was assumed to be 80% based 
on previous trials. 
A data logger (Campbell Scientific Micrologger 21X) was 
used to record oxygen and carbon dioxide measurements. Data 
from the analyzers were taken every 30 s and stored on 
cassette tape. The data were then transferred to a floppy 
disk via a microcomputer. A video camera was positioned near 
the tank to register the bird's activity on a recorder and to 
allow the bird to be monitored by observers in an adjacent 
room. The recorder had a built-in clock and could record at 
variable speeds. 
Ideally, oxygen use should have been measured for each 
dive. This was technically unfeasible because emptying the 
box between dives required an enormous flow rate. Instead, 
total oxygen use, number of dives, and time spent diving were 
measured for each trial. Oxygen use per dive was estimated 
from a series of dives. 
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The oxygen use of a bird at rest was estimated for each 
trial based on average oxygen use between dive series. 
Diving costs were estimated from the amount of oxygen used 
above a resting rate. A standard conversion (Schmidt-
Nielsen 1983) was used to convert oxygen consumption into 
energy use. 
Ducks were conditioned to the box for many hours prior 
to running trials. Only 1 female canvasback would dive 
consistently; however, other ducks placed in the box with 
that individual were stimulated to dive. Thus, to get each 
duck to dive required using the female with each of the other 
ducks (2 males and 6 females) tested. 
The female seemed to dive consistently in all trials, 
and she was assumed to contribute a constant amount to each 
trial. (It was not possible to distinguish between 
individuals on videotape to count their dives separately.) 
Variance was estimated for individuals from differences in 
dive costs during the trials where the female was present. 
The ducks were starved for 12 h prior to testing. They 
were placed in the diving chamber for 6 h. A reduced speed 
was used to videorecord the trials so that playback and 
review at normal speed took 1 to 2 h. Although over 50 
trials were conducted, only 2 trials for each of the 8 test 
birds satisfied the requirement of consistent diving where 
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both birds dove. The 2 trials were averaged for each duck to 
estimate mean oxygen use per dive and per time spent diving. 
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RESULTS 
A typical foraging dive of a canvasback is depicted in a 
series of photographs (Figures 2a-h). Canvasbacks make an 
arched leap to enter the water (Figure 2a-d). They descend 
with their bodies fully extended (Figure 2e) and probe the 
substrate with their bills (Figure 2f-g). After their 
foraging efforts, the birds turn to a horizontal position and 
ascend by floating to the surface (Figure 2h). 
Canvasbacks dove an average of 52.3 times in 6-h-diving 
trials, but the number of dives varied between 20 and 127 
dives. The birds spent an average of 362 s foraging during a 
6-h trial. Dives in the 1 ra tank averaged 6.9 s but ranged 
from 3 to 18 s. The results of a typical trial are depicted 
in Figure 3. 
The ducks often dove within a few minutes of being 
placed in the box. Oxygen consumption immediately increased 
to levels 6 times higher than resting rates. The 2 birds 
dove an average of 61 times within a few minutes. 
Respiration did not return to resting levels for nearly an 
hour, but recovery was probably prolonged because of 
incomplete mixing in the chamber. Elevated levels of oxygen 
use tapered off within 30 min after diving ceased. 
Trial birds usually dove in 2 or 3 continuous series 
during each 6-h trial. Generally, a diving series was 
followed by a period of rest. Ducks visibly increased their 
Figure 2a. Canvasback at rest prior to diving 
Figure 2b. The ducks begin to arch toward the water 
initiate the diving motion 
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Figure 2c. They leap out of the water to attain a steep 
descent angle 
Figure 2d. Their heads enter the water perpendicular to 
the surface 
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Figure 2e. By using a steep angle of descent, little 
resistance is encountered when breaking the 
surface as may be seen by the small wave 
displacement 
Figure 2f. Their elongate underwater appearance minimizes 
drag in the direction of travel 
I l l  
Figure 2g. Foraging requires thrusting the bill into the 
substrate and pushing sideways beneath the 
surface 
Figure 2h. They do not use their feet as they buoyantly 
ascend after foraging 
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respiration a few minutes before diving, and oxygen uptake 
Increased before diving commenced (Figure 3). This prediving 
hyperventilation was documented previously by Woakes and 
Butler (1983) in their studies on tufted ducks. 
Oxygen use during dive and recovery periods (Table 1) 
averaged 89.4 ml/mln (SE = 12.27). Based on average resting 
consumption for a single bird of 34.0 ml/mln (SE = 5.61), 
diving energy use was 2.6 times higher than resting costs in 
these trials. However, energy costs for sedentary ducks in 
the diving trials were generally higher than resting costs 
estimated for ducks sitting motionless in a small tank of 
water used during resting cost estimates (author's 
unpublished data). The birds probably swam more in the large 
diving chamber, and they were digesting the food that they 
obtained while diving. Compared to resting costs for 
motionless postabsorptive canvasbacks, oxygen consumption 
increased 3.6 times during diving. 
Canvasbacks consumed the same amount of oxygen while 
foraging for corn on top of the sand substrate or diving for 
corn buried at 2.5 cm in the substrate (t^ = 0.04, p = 0.97). 
Trials were combined so that average dive costs for each bird 
were based on the average of two 6 h trials. There was no 
significant relationship between oxygen use and body weight 
(Table 1, F = 0.67, e = 0.44) over the small weight range for 
tested ducks. 
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Table 1. Dives, dive time, oxygen use, and energy costs of 
foraging canvasbacks. Diving values are based on 6 
h trials. Energy costs were estimated from oxygen 
use (Schmidt-Nielsen 1983). One standard error of 
the mean (SE) is reported 
DivesB Oxygen Use (ml/min) Energy Cost 
Bird Sex Wt(g) No. Time Rest Dive Multiple KJ/Dive KJ/h 
1 F 923 91 664 24.5 73.5 3.0b 2.9C 0.18 88.6 
2 F 864 33 253 32.1 84.9 2.6 3.4 0.22 102.3 
3 M 935 89 564 44.4 99.0 2.2 3.9 0.21 119.3 
4 F 984 38 281 35.8 93.8 2.6 3.7 0.24 113.0 
5 M 838 50 306 33.5 87.4 2.6 3.5 0.18 105.3 
6 F 799 57 366 32.2 75.5 2.3 3.0 0.16 91.0 
7 F 904 48 358 32.3 111.1 3.4 4.4 0.28 133.9 
8 F 765 39 331 37.0 90.3 2.4 3.6 0. 26 108.8 
Mean 884 54 380 34.0 89.4 2.6 3.6 0.22 107.8 
SE 73.7 22.6 145.6 5.61 12.27 0.39 1.15 0.042 14.80 
^Average number of dives and time spent diving (s). 
^The amount of oxygen used by foraging canvasbacks was 
divided by the amount of oxygen used by ducks during the 
interval between dive series. The factor obtained was used 
to compare costs of diving with the interval between dive 
series. 
^The amount of oxygen used by diving canvasbacks was 
divided by the amount of oxygen used by resting canvasbacks. 
Resting costs were measured in a smaller box situated over an 
aquarium filled with water. Ducks used to estimate resting 
costs were in a postabsorptive state (author's unpublished 
data). 
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Energy cost per dive averaged 0.22 KJ (SE = 0.042). 
This energy cost was constant and not dependent on the number 
of dives (P = 0.61, E = 0.45), although there may have been a 
very slight decrease in cost per dive when the bird dove more 
times. Foraging costs averaged 107.8 KJ/h (SE = 14.80). 
Diving costs were estimated to be 7.7 times higher than a 
basal metabolic rate (BMR) calculated with an equation 
relating body weight to BMR (Calder 1974). 
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DISCUSSION 
Canvasbacks are well-adapted for foraging underwater. 
Their diving behavior differs from the action of smaller 
species such as lesser scaups (Avthva affinis) and ruddy 
ducks (Oxvura iamaicensis) because canvasbacks leap much 
further out of the water (Siegfried 1976) to submerge their 
buoyant bodies. Canvasbacks appear highly streamlined when 
they are underwater (Figure 2e) because they extend their 
neck and body as they dive. They reduce their specific 
gravity to water by compressing their plumage (Schorger 
1947), and decreasing the amount of air trapped beneath their 
feathers (Butler and Woakes 1982). 
Canvasbacks extend their feet backward and outward from 
their bodies. They descend with both feet thrusting in 
unison, similar to a frog's kick (Figure 2e-g). Baudinette 
and Gill (1985) described the dive of the little penguin 
(Eudvptula minor) as 'flying' underwater with their wings 
compared to the 'paddling' motion of diving ducks. Although 
similar in size to a canvasback, the 1.2 kg little penguin's 
average cost to dive was 34.3 KJ/h compared to canvasback's 
foraging costs of 107.8 KJ/h. Thus, little penguins are 3.2 
times more efficient at diving as canvasbacks. 
A few waterfowl species may dive by 'flying'. Snell 
(1984) reported that oldsquaws used their wings to propel 
themselves as they first descended. Oldsquaws and common 
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loons (Gavia Imrner) have been caught in fishermen's nets on 
the Great Lakes at depths of 55-61 m (Schorger 1947). The 
diving motion of these deep diving species may be quite 
different than locomotion observed in canvasbacks. 
Canvasbacks usually kick continuously, but they 
sometimes alternate strokes with their feet while probing in 
the substrate with their bills (Figure 2f-g). They penetrate 
the substrate with thrusts of their bill, dragging their bill 
sideways through the sand to search for food. Ducks have 
dense sensory papillae (mallards. Anas platvrhvnchos, have 
6500 papillae in their mouths) which allows them to detect 
their prey while probing in sand or mud (Welty 1975). 
Because canvasbacks forage in clouded water or during the 
night, vision probably plays an auxiliary role in locating 
prey. 
Woakes and Butler (1983) measured diving costs of 6 
tufted ducks. The tufted duck's average dive was 6.8 s, and 
they dove 100 times during an average 2.5 bouts. Canvasbacks 
foraging in this study dove 61 times in an average 3.3 bouts, 
or 19 dives per typical dive series. The diving cost for 
tufted ducks was 3.5 times resting costs. Canvasbacks 
expended 3.6 times resting energy costs to dive. Diving 
costs and oxygen use for these species were very similar 
although Woakes and Butler (1983) used colder water in a 
deeper tank during their trials. 
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Foraging costs (7.7 times BMR) exceed swimming costs 
(4.5 times BMR: Prange and Schmidt-Nielsen 1970), but are 
lower than flying costs (12-15 times BMR; Tucker 1973). 
Canvasbacks staging on Lake Onalaska, Upper Mississippi River 
(UMR) during fall migration forage for longer periods than 
canvasbacks diving in the tank constructed for these trials 
(author's unpublished data). Male canvasbacks average dive 
duration on Lake Onalaska is 14.7 s while female canvasbacks 
average dive is 14.9 s. Based on diving costs of 107.8 KJ/h, 
males expend 0.44 KJ/dive and females expend 0.45 KJ/dive 
while foraging on Lake Onalaska. 
Thus, canvasbacks need to obtain an average of 0.44 
KJ/dive to maintain an energy balance. They must obtain 
individual food items which exceed 0.44 KJ, or they must 
consume several Items per dive. Male canvasbacks may dive 
1220 each day and female canvasbacks may dive 1038 times per 
day based on time-activity budget data for canvasbacks on 
Lake Onalaska (author's unpublished data). Males expend 537 
KJ/day and females use 467 KJ/day to forage based on these 
estimates. Canvasbacks foraging in deeper water and in 
compacted substrates may need more energy to compensate for 
higher diving costs. 
Ducks used in laboratory trials are usually much lighter 
than free-ranging birds. Canvasbacks captured and weighed 
during fall migration are 300 to 500 g heavier than ducks 
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used in these trials (J. Serie, U. S. Fish and Wildlife 
Service, unpublished data). Diving costs for ducks feeding 
on Lake Onalaska are underestimated if larger ducks require 
more energy to dive. 
Ducks which build up fat reserves during fall migration 
may have increasing foraging costs. As they accumulate fat 
reserves, canvasbacks expand the volume of their bodies and 
increase their buoyancy. Canvasbacks* ability to dive 
efficiently with large fat reserves may ultimately restrict 
their potential size, and control the timing of their 
migration. 
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PART V. FORAGING EFFICIENCY OF CANVASBACKS CONSUMING 
THE WINTER BUDS OF AMERICAN WILDCELERY PLANTS 
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ABSTRACT 
Foraging efficiency of canvasbacks (Avthva valisineria) 
consuming American wildcelery (Vallisneria americana) winter 
buds was examined. Canvasbacks consumed a predicted maximum 
of 573 winter buds/h of foraging time, but their sustainable 
maximum foraging rate was estimated to be 356 winter buds/h. 
Canvasbacks consumed at the sustainable maximum consumption 
rate as long as densities remained above 30 winter buds/m^. 
Lake Onalaska, an Upper Mississippi River (UMR) fall-staging 
area had winter bud densities reaching 370 winter buds/m^ 
Canvasbacks searched 0.38 m^/min. They consumed winter buds 
located 6.4 cm deeper in the foraging substrate one-third 
less efficiently than winter buds at 2.5 cm. Most winter 
buds (82.3%) on Lake Onalaska were within 8.6 cm of the 
substrate surface. Males were 26% more efficient than 
females at obtaining winter buds. 
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INTRODUCTION 
The canvasback (Avthva valisineria) is the largest North 
American diving duck in the tribe Aythyini. Canvasbacks 
traditionally feed on winter buds of American wildcelery 
plants (Vallisneria americana) during fall migration and on 
wintering areas (Bellrose 1976). This food seems to be 
highly preferred by canvasbacks (Cottam 1939). 
The energetic benefit canvasbacks obtain from wildcelery 
winter buds depends to a large extent on costs they incur 
when extracting winter buds from bottom sediments. This type 
of foraging efficiency has been called an animal's functional 
response, or the number of prey consumed when different 
densities of that prey are available (Solomon 1949). 
Functional response has been studied extensively in 
theoretical work (for example, Rolling 1959a, Oaten and 
Murdoch 1975, Oaten 1977, McNair 1980, Nunney 1980, Taylor 
1981, Visser and Reinders 1981, Wollkind et al. 1982, Emlen 
1984, Heijmans 1984, Juliano and Williams 1985). Several 
experimental studies have also been undertaken (Moiling 
1959b, 1966, Griffiths 1969, Gage et al. 1970, Herman 1971, 
Ware 1972, Hardman and Turnbull 1974, Rolling et al. 1975, 
Rolling and Buckingham 1976, Todd et al. 1981, Wood and Hand 
1985), but investigative research on functional response of 
ducks has not been reported in the literature. Diving ducks 
are especially difficult to study in natural situations 
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because they forage and consume most of their food 
underwater. 
This paper presents results from foraging experiments 
conducted on captive canvasbacks feeding on wlldcelery winter 
buds. Rolling's (1959a) basic functional response equation 
(1959a) is used to model the response, and results are 
compared to fitting the data to a grafted polynomial model. 
The implications of this research for canvasbacks staging on 
the Upper Mississippi River during fall migration are 
discussed. 
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METHODS 
An experimental area was constructed In a 0.025 ha 
concrete pool at the National Fishery Research Center (NFRC) 
in Lacrosse, Wisconsin. Two 2.5 x 3 x 3 m cages were 
constructed and placed adjacent to each other at one end of 
the pool. Six trays containing a sand substrate, each 0.82 
m2 in area, were placed in the cages to provide a foraging 
area of 4.89 m^. The trays were filled with sand to a depth 
of 10 cm. The depth of water from the surface to the sand 
was 101.5 cm. A plate glass window was constucted in a wall 
of the pool to facilitate observations and photography of the 
ducks underwater. 
Juvenile canvasbacks (7 male and 7 female) were obtained 
in late summer from Northern Prairie Wildlife Research Center 
propagation facilities in Jamestown, North Dakota. Trials 
were conducted with young birds because they were expected to 
be easier to handle than adults. Juveniles weighed the same 
as the adults and appeared full grown when trials were 
conducted in October and November of 1983 and 1984. Young 
birds did not seem to forage differently from adults based on 
preliminary films of adult and juvenile foraging dives. 
Winter buds were obtained from Lake Onalaska, Pool 7, 
Upper Mississippi River. Winter buds on Lake Onalaska 
reached densities of 350 winter buds/m^ (author's unpublished 
data). They were planted in the experimental substrate using 
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a wire grid of 5 x 5 cm squares which was laid over each sand 
tray. The winter buds were distributed uniformly. 
A metal pipe 25 cm in length and 2 cm in diameter was 
used to plant winter buds. The pipe was capped on one end 
with a hole in the cap and marks were etched at the 3 test 
depths. Cores of sand were removed with the pipe, winter 
buds were dropped in the holes, and the sand was replaced on 
top of the winter buds. After a trial was finished, the 
water in the pool was drained, the sand was sifted through a 
fine screen, and remaining winter buds were counted. 
Low densities of winter buds were planted to examine a 
range over which canvasbacks had an increasing response. 
Trials were conducted at 36 different densities (3-110 winter 
buds/m2) spaced evenly from 15 to 535 winter buds per tray 
(or between 90 to 3210 winter buds in each trial). Trials at 
each density were replicated 3 times with winter buds planted 
2.5 cm, 4.5 cm, and 6.4 cm deep in the sand substrate. A 
total of 105 trials was conducted. Test densities were 
presented in a random order to randomly selected birds. An 
equal number of males and females was used. 
An extensive range of trial densities was chosen to 
improve the fit of foraging models applied to the data. A 
nonlinear regression procedure (Marquardt 1963, SAS Institute 
1982) was used to estimate the parameters of the Holling 
model (1959a). Trials were grouped by density into 7 classes 
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of 15 trials each to increase sample sizes for statistical 
tests. Five different individuals were used for each density 
and depth combination. A factorial analysis of variance 
(ANOVA) test (SAS Institute 1982) was used to establish 
whether sex of the bird (N = 52), density (N = 15), or depth 
(N = 5) affected how efficiently winter buds were consumed by 
canvasbacks. A least significant difference (LSD) test was 
used to locate mean differences between significant factors 
(SAS Institute 1982). 
Trials were terminated when the birds completed at least 
one-fourth, but not more than one-half the number of dives as 
there were winter buds available. Trials were ended at this 
point to prevent a large decrease in density, since densities 
decreased each time the bird consumed a winter bud. 
Availability was adjusted for each trial by calculating the 
average number of winter buds available. Initial densities 
were added to final densities and divided by 2 to calculate 
average availability. 
One bird was placed in each of the 2 adjacent cages. A 
duck would not dive consistently unless another individual 
was nearby. Widely differing densities could not be 
presented to each bird because one duck would finish a trial 
much sooner than the other and would need to be removed. To 
solve this complication, trial densities were assigned 
randomly in pairs. Birds were placed in adjacent cages with 
133 
similar densities in each cage. Birds were randomly assigned 
to each density and depth combination. 
Observers watched the ducks foraging from a blind (a 
small camping trailer) parked at one end of the pool. All 
trials were recorded with a video camera mounted on top of 
the trailer and protected by a weatherproof housing. Total 
number of dives and diving time were obtained from the 
videotape. Foraging was also filmed in separate trials 
through a window mounted in the side of the pool at substrate 
level. These videotapes were used to measure rates of 
descent and ascent, and to document foraging behavior. 
The depth of winter buds within bottom sediments on Lake 
Onalaska was estimated from stolon lengths. Stolons break 
off where they attach to the winter bud, releasing the green, 
unburied portion of the plant. Samples were obtained from 
floating mats of wildcelery during the senescent period in 
early fall. 
134 
RESULTS 
Canvasbacks spent 29% of their dive time traveling to 
and from the surface in the experimental area (Table 1). 
Their buoyant ascent (0.94 s) was slower than the time needed 
for descent (0.79 s). Two-thirds of their time was spent 
foraging during trials when the water was 1.02 m deep and the 
food was buried less than 2.5 cm. Their rate of descent was 
estimated to be 1.28 m/s, while they ascended at 1.08 m/s. 
Density, depth, and sex factors were not confounded by 
interactions in ANOVA (Table 2). Canvasbacks showed a strong 
functional response as winter bud densities increased (Table 
3). They consumed an average of 94 winter buds/h at lowest 
densities and 400 winter buds/h at highest densities. 
An LSD test (SAS Institute 1982) indicated that 
consumption differed most between the lowest density and the 
higher densities (Table 3), but gradually changed between 
mid-densities (23.8-60.2 winter buds/m^) and high densities 
(75.6-109.9 winter buds/m^). 
Fewer winter buds were taken if they were located deeper 
in the substrate (p = 0.09). Consumption decreased from 364 
winter buds/h at 2.5 cm to 269 winter buds at 6.4 cm (Table 
3 )  .  
The response of males and females also differed (p = 
0.009). Mean consumption by females was higher at the lowest 
density class (Table 3), but males were more efficient than 
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Table 1. The amount of time canvasbacks spent descending, 
foraging, and ascending during filmed trials. Mean 
time and 1 standard error (SE) were reported. Each 
dive was examined from video-recordings. Fifteen 
different birds were used, with 2 or more birds 
diving together. Travel time was estimated as the 
sum of ascent and descent times, and dive time was 
calculated as the average length of filmed dives 
Time (s) 
Activity N Mean SE Percent 
TRAVEL TIME 1.7 0.19 29 
Descent^ 302 0.8 0.18 13 
Ascent^ 295 0.9 0.19 16 
FORAGING TIME 293 5.7 2.08 71 
DIVE TIME MB 7.4 2.45 100 
^Descent rate based on 1.02 m deep pool was 1.3 m/s. 
^Ascent rate based on 1.02 m deep pool was 1.1 m/s. 
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Table 2. Analysis of variance test applied to foraging trial 
data testing null hypotheses of no difference in 
consumption by density (7), depth of winter buds 
(3), and sex (2). Consumption is adjusted to 
winter buds taken per hour based on 105 trials. 
All interaction terras were nonsignificant so main 
effects were tested with an error term including 
interactions 
Source df SS MS P Prob>P 
Model 9 1708800 189900 5.70 0.001 
Density (Dens) 6 1301600 216900 6.52 0.001 
Depth (Dep) 2 167500 83750 2.52 0.09 
Sex (Sex) 1 239800 239800 7.21 0.01 
Error 95 3162100 33290 — — 
Dens X Dep 12 293100 24430 0,58 0.85 
Dens X Sex 6 36200 6030 0.14 0.99 
Dep X Sex 2 10300 5150 0.12 0. 88 
Dens X Dep x Sex 12 224600 18720 0.45 0.94 
Total 104 4871000 —' mm — — — — 
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Table 3. Differences in canvasbacks' consumption of 
wildcelery winter buds/h depending on density of 
winter buds, depth of winter buds in the substrate, 
and sex of the bird. Means are based on 105 trials 
with birds randomly assigned to 7 density, 3 depth, 
and 2 sex classes. Standard errors are listed 
below means in parentheses. Different letters 
indicate which depth, sex, or density differs from 
the others based on a LSD test with g < 0.05 
Density r Depth (cm) Sex MEAN® 
(Buds/m" •) 2.54 4.45 6.35 Male Female (bv Density) 
9.8 75.0 
(38.5) 
99.6 
(30.6) 
106.1 
(53.7) 
145.1 
(64.5) 
155.3 
(36.0) 
93.5 A 
(22.8) 
23.8 319.6 
(118.6) 
277.7 
(59.9) 
252.5 
(49.1) 
335.9 
(79.6) 
248.1 
(111.6) 
283.2 B 
(44.4) 
40.6 260.7 
(35.1) 
420.3 
(123.3) 
231.0 
(107.7) 
338.4 
(146.6) 
252 .5 
(66.0) 
304.0 B 
(56.2) 
60.2 402.6 
(25.6) 
336.0 
(123.6) 
298.1 
(94.4) 
451.6 
(89.4) 
292.6 
(98.4) 
345.6 B 
(50.0) 
75.6 440.3 
(103.8) 
329.1 
( 91.4) 
295.8 
(111.7) 
406.5 
(131.6) 
296.2 
(138.3) 
355.0 BC 
(57.3) 
88.9 519.5 
(108.3) 
566.4 
(32.1) 
359.5 
(66.0) 
509.0 
(98.9) 
427.5 
(53.5) 
481.8 BC 
(46.8) 
109.9 532 .6 
(75.1) 
318.0 
(108.6) 
339.5 
(105.1) 
425.6 
(178.9) 
371.4 
(105.0) 
396.7 C 
(58.1) 
MEAN 364.3 
(73.1) 
A 
335.3 
(81.4) 
AB 
268.9 
(85.0) 
B 
370.9 
(113.8) 
A 
273.9 
(87.0) 
B 
322.8 
^Weighted mean and standard error across all depths. 
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females at foraging at all other densities. Females consumed 
winter buds 26% less efficiently than males. 
Consumption may also be examined as winter buds taken 
per dive (Table 4). Canvasbacks consumed an average of 0.1 
to 1.3 winter buds/dive depending on the depth of winter buds 
and sex of the duck. Differences between density, depth, and 
sex factors were the same for consumption per dive as was 
calculated for consumption of winter buds/h (Table 3). 
A Holllng model (1959a) of the form: 
N = aX / (1 + ahX) (1) 
was applied to fit the response (Figure 1) where N is the 
number consumed per hour, X is density, h Is a handling time 
constant, and a is an Instantaneous search rate. The 
parameters were estimated from the foraging trial data (Table 
5) with a nonlinear regression procedure (Marquardt 1963). 
Based on this model, several predictions are possible. 
Potential maximum consumption (N^^^^) were estimated as the 
reciprocal of h when there is no search time needed or when 
a approaches zero: 
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Table 4. Numbers of winter buds taken per dive by 
canvasbacks. Means are based on 105 trials with 
birds randomly assigned to 7 density, 3 depth, and 
2 sex classes 
Density Depth (cm) Sex MEAN® 
(Buds/m^ ') 2.54 4.45 6.35 Male Female (bv Density) 
9.8 0.1 0.2 0.2 0.3 0.1 0.2 
(0.07) (0.10) (0.14) (0.14) (0.07) (0.05) 
23.8 0.6 0.6 0.5 0.7 0.5 0.6 
(0.33) (0.15) (0.14) (0.16) (0.24) (0.09) 
40.6 0.5 0.8 0.5 0.7 0.5 0.6 
(0.12) (0.29) (0.31) (0.31) (0.12) , (0.11) 
60.2 0.9 0.7 0.6 0.6 0.7 0.7 
(0.10) (0.35) (0.20) (0.20) (0.22) (0.11) 
75.6 0.9 0.6 0.6 0.8 0.6 0.7 
(0.08) (0.27) (0.37) (0.26) (0.22) (0.11) 
88.9 0.9 1.3 0.7 1.0 0.9 1.0 
(0.16) (0.11) (0.20) (0.17) (0.14) (0.09) 
109.9 1.0 0.6 0.8 0.8 0.8 0.8 
(0.17) (0.33) (0.35) (0.38) (0.21) (0.11) 
MEAN 0.7 0.7 0.6 0.7 0.6 0.7 
(0.07) (0.08) (0.07) (0.06) (0.05) 
^Weighted mean and standard error across all depths. 
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Figure 1. A Rolling model (1959a) is fit to foraging efficiency 
trial data for canvasbacks consuming wildcelery winter 
buds. Experimental means and + 1 standard error are 
indicated 
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Table 5. Nonlinear regression procedure (Marquardt 1963) 
fitting data from canvasback foraging trials to 
Rolling's basic functional response model (1959). 
The model, N «= aX / (1+ahX) is the number of winter 
buds consumed (N) based on a constant search rate 
(a) and handling time (h) over densities (X) 
between 3 and 110 winter buds per square meter 
Source df SS MS 
Model 
Residual 
Total 
2 
102 
104 
1208000 
3726000 
4871000 
6044000 
36200 
Parameter Estimate ASE* 
h 
a 
0.0017 
16.97 
0.00030 
5.400 
^Asymptotic standard error based on model iterations. 
142 
^max = 1/h (2) 
Canvasbacks consume a maximum of 573 winter buds/h based on 
equation (2) and the parameter h estimated from the foraging 
trial data (Table 5). 
Realistically, as the density of winter buds continues 
to Increase, canvasbacks will not consume winter buds at a 
higher rate. At some point, canvasbacks' consumption is 
limited by other factors besides density. The density at 
which canvasbacks will consume winter buds at a given rate 
(winter buds/h) is estimable from the Holling model (1959a) 
as : 
X = N/(a - ahX) (3) 
Unfortunately, the density where consumption reaches a 
maximum cannot be calculated because the Holling model is a 
monotonically decreasing curve which never reaches an 
asymptote. 
Instead, a grafted polynomial model was fit to the data 
(Table 6). This model will not fit the Type II response 
(Holling 1959b) precisely, but it does show where maximum 
consumption wajs reached and at what density the foraging 
response was no longer increasing. Based on the 7 density 
levels, 2 linear models fit the data best if they intersect 
at 30 buds/m2 (Figure 2). Above this density, the response 
appeared flat, with maximum consumption at 356 winter buds/m^ 
or 62% of the Holling model maximum. 
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A grafted polynomial model is fit to foraging 
efficiency trial data for canvasbacks consuming 
wildcelery winter buds. Experimental means and + 1 
standard error are indicated. Parentheses enclose 
maximum sustainable consumption (356 winter buds/h) and 
density where that rate is attained (30 winter buds/m^) 
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Table 6. Comparison of total sum of squares (in thousands) 
from a Moiling model with 4 grafted polynomial 
model combinations based on 7 density levels 
Model^ Total Sum of Squares 
Rolling 4,871 
Grafted Polynomial Models 
9.8-23.8, 40.6-109.9 4,112 
u> 0
 1 
00 o> 60.2-109.9 4,147 
CM 0
 
U
)
 1 0
0 o> 
75.6-109.9 4,257 
9.8-75.6, 88.9-109.9 4,302 
^Grafted polynomial models are listed by range of 
density levels represented by 2 fitted lines. 
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The area canvasbacks search was estimated from: 
A = N/(X Tg) (4) 
where A estimates the area searched per time. Canvasbacks 
spent an average of 876 s searching for winter buds during 
foraging trials (author's unpublished data). Based on mean 
search time, average density of 58.4 winter buds/m^ over all 
trials, and average consumption of 322.8 winter buds/h (Table 
3), canvasbacks searched 22.73 m^ of substrate per hour or 
0.38 m^/min. 
Holling's model was used to examine foraging efficiency 
differences by depth and by sex (Table 7). Several models 
are presented for different factor combinations. ANOVA 
results suggest that since there are no factor interactions, 
the models at the bottom of Table 7 will best explain the 
data. 
Functional response was not different for canvasbacks 
consuming winter buds buried at 2.54 and 4.45 cm, but ducks 
consumed one-third as many winter buds buried at 6.35 cm 
(Figure 3). Canvasbacks have a long bill which may be useful 
for obtaining winter buds located far down in the sediment. 
Winter buds planted at 6.35 cm approach the limit of the 
effective foraging range of canvasbacks since their mean 
culmen length is 7.1 cm (Table 8). 
Core samples of wildcelery winter buds taken from the 
sediments of Lake Onalaska indicated that most winter buds 
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Table 7. Canvasback functional response parameters based on the 
Rolling (1959a) model. Models for different factor 
combinations of sex and depth were calculated with a 
nonlinear regression procedure (Marquardt 1963) 
hb 
Sex° Deoth^ Estimate ASE® Estimate ASE 
M,F 1,2,3 18.3 6.09 0.0018 0.00030 
M 1,2,3 23.6 10.95 0.0017 0.00033 
F 1,2,3 14.1 6.51 0.0020 0.00052 
M,F 1 14.7 5.47 0.001 0.0036 
M,F 2 26.9 19.35 0.0021 0.00049 
M,F 3 12.4 7.98 0.002 0.0078 
M 1 12.6 5.83 0.0009 0.00047 
M 2 41.8 42.23 0.0019 0.00049 
M 3 20.1 19.89 0.0021 0.00080 
F 1 19.4 12.04 0.0017 0.00053 
F 2 14.4 13.61 0.0022 0.00103 
F 3 7.04 5.07 0.002 0.0014 
^Parameter a is the instantaneous search rate based on 
1 h of foraging time. 
^Parameter h is the handling time per prey item. 
Gpive male and 5 female canvasbacks were used in trials. 
'^Depth winter buds are buried in cm: 1 = 2.54, 2 = 4.45, 
3 = 6.35. 
®Asymptotic standard error estimated by convergence of 
iterations in a nonlinear regression program. 
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Figure 3. Holling models (1959a) are fit to foraging data 
showing how efficiency changes when canvasbacks 
consume winter buds located further from the 
substrate surface 
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Table 8. Weight and bill measurements of live captive-reared 
canvasbacks. Standard errors are included in 
parentheses below mean values 
Length (cm) • 
N Sex Weight(g) Bill* Bill and Head^ 
10 Male 1.1 7.1 12.1 
(0.08) (0.19) (0.34) 
8 Female 1.0 6.9 11.5 
(0.05) (0.09) (0.03) 
18 Mean 1.0 7.1 11.8 
(0.26) (0.19) (0.43) 
^Sample size for bill height 5 males, 8 females. 
^Distance from tip of bill to occipital lobe of skull. 
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were at depths less than 12 cm in the substrate (Figure 4). 
Over 50% grew at depths less than 7.5 cm in the substrate. 
Average winter bud depth was 5.5 cm (N = 30, SE = 17.52). 
The distribution was skewed with more winter buds located 
near the substrate surface. However, canvasbacks were 
observed in field studies (author's unpublished data) with 
mud extending past their heads (11.8 cm: Table 8). 
Males foraged more efficiently than females (Figure 5). 
After fitting the Rolling model to data for both sexes 
(Figure 5), it appeared that males responded more quickly to 
increased food density and consumed a higher number of winter 
buds. The Rolling model predicted maximum consumption (N^a%) 
for males of 579 winter buds/h while females consumed 498/h. 
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Figure 4. Distribution of wildcelery buds in 
substrates of Lake Onalaska, Upper Mississippi 
River. Depth from surface is indicated on 
vertical axis with percent occurrence on 
horizontal axis. Cumulative percentages are 
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Figure 5. Foraging efficiency of male and female 
canvasbacks consuming wildcelery winter buds 
based on the Holling model (1959a) 
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DISCUSSION 
Canvasbacks have a strong functional response to 
wildcelery winter buds. Maximum consumption predicted by the 
Moiling model = 573 winter buds/h) should be considered 
as a rate of consumption rarely reached in normal foraging. 
Only 6 birds in 105 trials, or 5.7% exceeded maximum 
consumption predicted by the Rolling model. These trials 
were over a range of densities from 77 to 381 winter buds/m^* 
The estimate of maximum intake based on the grafted 
polynomial model should be considered a conservative estimate 
attainable over long periods. Many ducks dove repeatedly for 
more than 30 min during trials; one bird dove continually for 
42 min. If 356 winter buds/h is assumed to be a sustainable 
maximum consumption rate based on the grafted polynomial 
model, 26 of 105 trials or 25% were at or above the maximum. 
Winter bud densities on Lake Onalaska in the fall of 
1983 and 1984 averaged 173 and 253 buds/m^ and ranged from 52 
to 372 buds/m^ (author's unpublished data). According to 
functional response estimates from foraging trials, 
canvasbacks could consume at maximum efficiency between 356 
and 573 winter buds/h in most areas of the lake. 
As more birds forage in an area, winter bud density will 
decrease, and the remaining winter buds may be more difficult 
to obtain. If 40% of the winter buds are consumed uniformly 
throughout Lake Onalaska (Korschgen et al. 1987), densities 
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near the end of fall migration will only decrease to 100 
winter buds/m^. However, if most of the shallow winter buds 
are gleaned first, birds arriving later in the fall may have 
efficiency rates 59% below their potential maximum (Table 3). 
Energy benefits that ducks obtain from winter buds located 
deeper in the substrate may be much lower if diving costs 
increase at the same time that foraging efficiency decreases. 
This might explain observed distribution patterns of 
ducks on Lake Onalaska. Although canvasbacks concentrated in 
areas of high winter bud density, many areas were foraged 
over more than once during the fall. Ducks may have left 
some areas before the winter buds were exhausted because 
foraging became less efficient. 
In shallow lakes such as Lake Onalaska (mean depth 1.43 
m), ducks have very small travel times associated with 
foraging. Wildcelery plants do not appear to grow in water 
shallower than 0.37 m or deeper than 1.83 m on Lake Onalaska 
(C. Korschgen, U. S. Pish and Wildlife Service, unpublished 
data). Based on descent and ascent times estimated from 
foraging trials, travel time was 3.4 s. The average dive of 
ducks diving on Lake Onalaska lasted 14.8 s (author's 
unpublished data) which means they foraged in the substrate 
for 11.4 s. 
In areas where ducks may need to forage at depths of 9 m 
to obtain food (such as on Pool 19 or Chesapeake Bay), travel 
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time may be as long as 21.2 s. Tufted ducks (Avthva 
fuliqula) show increasingly longer dives and higher prey 
selection in areas of deeper water (Draulans 1982). 
Cooperative feeding may greatly enhance foraging 
efficiency, especially during periods of hyperphagia. Large 
rafts of canvasbacks are often seen foraging together during 
fall, and turbidity plumes extending behind the rafts 
indicate they displace a large amount of substrate. As the 
buoyant winter buds are excavated from the substrate, many 
float to the surface where they are easily consumed by other 
ducks in the raft. 
Substrate composition may be another factor which 
affects foraging efficiency. The bottom of Lake Onalaska is 
relatively soft with a composition of 36.8% sand, 51.4% silt, 
and 11.8% clay (G. Jackson, U. S. Fish and Wildlife Service, 
unpublished data). Canvasbacks may have a more difficult 
time foraging in harder sediments with a higher proportion of 
clay. 
The difference in foraging efficiency between male and 
female canvasbacks may partially explain why females have 
higher mortality rates (Geis 1959). Male canvasbacks are 
larger than females so they should have a smaller surface-to-
volume ratio. Males may be able to dive and hold their 
bodies below the surface more easily than females. 
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If the foraging efficiency of female canvasbacks Is 26% 
less than males and they have the same diving costs (107.8 
KJ/h: authov's unpublished data), females may need to forage 
in higher quality resources than males to obtain enough 
energy to balance their energy expenditures. Loss of high 
quality foods in fall staging and winter areas may have a 
more severe effect on the condition and survival of female 
canvasbacks than on males.' 
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PART VI. THE ABILITY OP CANVASBACKS TO ASSIMILATE 
AMERICAN WILDCELERY WINTER BUDS 
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ABSTRACT 
Apparent metabollzable energy (AME) was calculated for 
canvasbacks (Avthva valislnerla) consuming American 
wlldcelery (Vallisneria americana) winter buds. In 
controlled feeding trials, captive canvasbacks extracted an 
average of 79.2% or 2.32 KJ from each winter bud. A winter 
bud hRd 14 times more usable energy than was available in a 
fingernail clam (Sphaerium spp.). Canvasbacks consumed 
approximately 126 winter buds before filling their upper 
digestive tract. A conservative estimate of digestive rate 
indicated canvasbacks digested winter buds in 3.2 h. 
Canvasbacks' maximum consumption may be limited by upper 
tract capacity. 
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INTRODUCTION 
An animal's preference for a particular food item may be 
related to the relative nutritive or energetic value of the 
food (Sugden 1971, Owen 1980). Metabolizable energy (ME) of 
a given food is a standard measure of usable energy, 
determined with feeding trials by subtracting gross fecal 
energy from gross food energy (Vohra 1966). ME may be used 
to link the energy budget of an animal with the amount of 
food needed to sustain its energetic activities (Kendeigh et 
al. 1977). 
Metabolized energy is used for 3 functions: maintenance, 
synthesis, and storage (De Groote 1974). The efficiency for 
converting food to maintenance energy is estimated to be 85% 
for adult chickens (Gallus gallus var. domestieus) consuming 
many types of food (De Groote 1974). Any energy converted to 
growth or fat above maintenance requirements depends on the 
diet. Listing food types from the easiest to the most 
difficult to metabolize, energy is most easily extracted from 
fats, carbohydrates, and protein (De Groote 1974). 
Two standard methods have been used to examine ME. 
Total collection methods measure total food ingested and 
excreta voided (Vohra 1972). Tracer methods use labels such 
as chromium sesquioxide (Dansky and Hill 1952) to estimate 
excretion relative to food consumption rates. However, 
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chromic oxide methods produce consistently lower ME values 
(Miller 1974). 
Nitrogen-corrected ME values (or catabolizable energy; 
Harris 1966) are used to adjust ME values to account for 
excreted nitrogen. Catabolizable energy is usually only 2-4% 
lower than standard ME (De Groote 1974). Recent studies 
separate excretion from food with excretion of nonfood origin 
(Miller and Reinecke 1984). Apparent ME (AME) is a standard 
measure that includes all excretion (Miller 1974). Measures 
of true ME (TME) attempt to quantify excretory components of 
nonfood origin (Miller and Reinecke 1984). TME values are 
generally less sensitive to food intake, so AME values may be 
more useful in estimating energy budgets (Miller and Reinecke 
1984). 
Canvasbacks gain a large amount of weight during fall 
staging on the Upper Mississippi River (J. Serie, U. S. Fish 
and Wildlife Service, unpublished data). They have a strong 
attraction to American wildcelery (Vallisneria americana) 
(Cottam 1939, Perry 1975) and consume large numbers of winter 
buds of this plant (C. Korschgen, U. S. Fish and Wildlife 
Service, unpublished data). The winter bud is mostly 
carbohydrate (Donnermeyer 1982) which is easily metabolized 
and may explain why canvasbacks find it so attractive. 
The amount of energy a canvasback may assimilate also 
depends on 2 physical constraints: the amount of food a bird 
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can hold in its upper digestive tract, and the speed at which 
food is digested and passed through the digestive tract or 
the pause time (Moiling 1961). Waterfowl are limited by the 
volume of their esophagus and proventriculus. Unlike 
mammals, birds do not seem to suffer discomfort if food 
lodges in the muscular esophagus (Welty 1975). Canvasbacks 
are known to be "gluttons" and readily fill their esophagus 
and proventriculus when food is plentiful (Cottam 1939). 
Digestion rate is another important factor which limits 
assimilation of energy. The amount of food a canvasback 
consumes depends on its ability to process food that has been 
ingested. Different types of food are digested at different 
rates (Swanson and Bartonek 1970). Digestion rate may be 
measured by labeling food with noncaloric markers and 
observing time between ingestion and excretion (Laugksch and 
Duffy 1986). 
The purpose of this study was to examine 1) apparent 
metabolizable energy, 2) rate of digestion, and 3) upper 
digestive tract capacity for canvasbacks consuming wildcelery 
winter buds. 
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METHODS 
Wlldcelery winter buds were collected from Lake Onalaska 
on Pool 7 of the Upper Mississippi River near LaCrosse, 
Wisconsin. The winter buds were removed from the substrate 
with a jet of water, netted, and sorted. They were 
transported to Iowa State University in coolers and freeze-
dried in the Poultry Science Laboratory to retain their 
caloric value. Ten 1-gram subsamples were bombed with a Parr 
Oxygen Bomb calorimeter to determine energy content. Gross 
energy (GE) was estimated per gram ash-free dry weight and 
per winter bud. 
Feeding trials were conducted with 10 captive-reared 
canvasbacks obtained from Northern Prairie Wildlife Research 
Center in Jamestown, North Dakota. The ducks were maintained 
on an ad libitum diet of duck conditioner, wheat, and corn. 
A total collection method (Vohra 1972) with shorter trials 
(Vohra et al. 1982) was used to estimate ME because a large 
number of winter buds was difficult to collect and preserve. 
Canvasbacks were fed 100 g rations of dried winter buds 
24 h prior to trial initiation to accustom them to the food. 
They readily consumed this ration. The ducks were then 
starved for 12 h to allow their digestive tract to empty. 
Five ducks were randomly selected as a group. Groups of 
ducks were alternated in trials until 3 repeated measures had 
been conducted on each duck for a total of 30 trials. 
165 
The ducks were placed in five 30 x 30 x 45 cm cages 
constructed of 2.5 cm^ welded wire. The cages were 
purposefully made to leave little room for movement so that 
digestion and metabolism would be based on a resting state. 
A tray lined with plastic was placed beneath each cage to 
hold excrement. 
A ration of approximately 25 g of winter buds and a bowl 
of water were given to each duck. A similar ration was given 
to the ducks 12 h later. Fecal matter was collected at each 
feeding and for a period of 24 h after the last feeding. 
Feathers and down were removed from the excreta which was 
freeze-dried. Fecal energy content and ash-free dry weight 
were determined. 
Although nitrogen content of winter buds and excreta was 
measured with a Kjeldahl analysis, metabolic energy is 
reported as uncorrected ME because a control group was not 
available. AME was estimated in preference to TME. AME may 
be calculated as: 
(AME = ((GEi)(Qi) - (GEe)(Qe))/Qi) (1) 
where GE is gross energy and Q is the quantity ingested (i) 
or excreted (e). Estimates in this paper were based on ash-
free dry weights. The metabolizable fraction was estimated 
as AME/GEj. 
Digestion rate was estimated using trials with a marker. 
Povan, a nontoxic, noncaloric dye, was injected into winter 
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buds. The ducks were placed in the same cages as were used 
for ME trials, and 10 g of marked winter buds were fed to 
birds starved for 24 h. The time between consumption and 
defecation was recorded to estimate the passage rate; 
A canvasback's capacity for food was calculated in 3 
ways. To estimate maximum capacity, canvasback carcasses 
were thawed and silicon rubber was forced into their 
esophagus and proventriculus through the mouth with a 
caulking gun. The upper tract was excised from the back of 
the mouth to the gizzard and set out to harden overnight. 
The tissue was then cut away from the impression and volume 
was determined by water displacement in a graduated cylinder. 
Data from birds collected for food habits (C.E. 
Korschgen, U. S. Fish and Wildlife Service, unpublished data) 
were also examined. Birds with a seemingly full esophagus 
and proventriculus were identified and the volume of their 
tract contents was determined by water displacement. 
The third estimate used data from functional response 
trials (author's unpublished data). The maximum number of 
dives seen in a series was multiplied by average winter buds 
taken per dive to estimate maximum number taken. This 
maximum number was assumed to represent a full tract. 
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RESULTS 
The average energy content of winter buds was estimated 
at 16.81 KJ per gram of ash-free dry weight (SE = 0.2958). 
Asl content was estimated to be 4.7% by Donnermeyer (1982). 
Winter bud volume averaged 0.85 cc per winter bud (N = 25, SE 
= 0.119). The mean wet weight of a winter bud was 0.84 g (N 
=25, SE = 0.122) while freeze-dried winter buds averaged 
0.18 g (N = 100, SE = 0.069). Based on these measurements, 
winter buds contained 21.8% dry matter which is similar to 
estimates by Donnermeyer (1982) of 24.8%. Thus, an average 
winter bud contained 2.93 KJ. 
Canvasbacks consumed a mean ration of 26.3 g ash-free 
dry weight and defecated 6.6 g dry weight (Table 1). Fecal 
contents were 11.4% ash (SE = 0.44) primarily because of 
feathers contaminating the fecal sample. The fecal energy 
value was 14.23 KJ (SE = 0.539). 
AME was estimated with (1) as 13.32 KJ/g (SE = 0.534) 
ash-free dry weight of winter buds (Table 1). Thus, 
canvasbacks metabolized 79.2% (SE = 3.18) of the winter bud 
energy. 
Males and females did. not metabolize winter buds 
differently (t gg g = 0.52, p < 0.05). When AME was 
regressed on body weight, a clear relationship was not 
evident (F = 2.14, 2 = 0.18). 
Indirect estimates of AME based on proximate analyses 
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Table 1. Apparent metabolizable energy and percent of 
wildcelery winter buds metabolized by canvasbacks. 
Numbers in parentheses are 1 standard error from 
the mean. Winter bud weight, fecal weight, and 
metabolizable energy are reported as ash-free dry 
weights 
Winter 
Duck Buds Feces 
Bird Wt* Eaten° Voided Energy AME Percent 
(g) (g) (g) (KJ) (KJ/g) Metabolized 
MALEC 
1 975 24.93 6.02 14.35 13.33 79.3 
2 984 27.34 5.81 14.27 13.77 81.9 
3 1005 30.88 8.34 14.45 12.96 77.1 
4 930 27.54 6.79 12.94 13.60 80.9 
5 1031 26.23 7.82 14.39 12.51 74.4 
Mean 985 27.38 6.96 14.08 13.23 78.7 
(2.213) (1.104) (0.639) (0.508) (3.02) 
FEMALE 
6 952 26.48 6,18 14.95 14.31 85.1 
7 956 24.66 6.80 14.69 1.2.73 75.7 
8 932 26.80 7.39 13.88 13.00 77.3 
9 943 22.95 5.31 14.16 13.53 80.5 
10 928 26.23 5.89 14.27 13.48 80. 2 
Mean 942 25.42 6.31 14.38 13.41 79.8 
(1.610) (0.806) (0.428) (0.603) (3.60) 
TOTAL 964 26.32 6.64 14.23 13.32 79.2 
(2.122) (0.971) (0.539) (0.534) (3.18) 
^No relationship was evident between weight and AME, 
F^05,9 ™ 2.14, p — 0.18. 
^Energy content of winter buds was 16.81 KJ/g ash-free 
dry weight. 
^No difference was detected between sexes, t ns m = 
0.52, p > 0.05. ' ' 
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compare favorably with AME value estimated for canvasbacks 
from experimentation. Polisini and Boyd (1972) suggest 
digestibility for nonruminant herbivores may be estimated 
from the ash-free noncell wall fraction of the food. This 
fraction is 84.3% according to analyses of wildcelery winter 
buds (Donnermeyer 1982) or 14.17 KJ/g. The AME of wildcelery 
winter buds predicted from this method is 5% higher than my 
direct estimates with canvasbacks (Table 1). 
A second indirect estimate is based on a regression 
model developed by Sibbald (1975). His model, adjusted to 
kilojoules, is: 
AME = 221.75 + 158.99(% protein) + 357.73(% fat) (2) 
+ 174.89(% starch) + 158.99(% sugar) 
Donnermeyer (1982) found that winter buds were 9.9% protein, 
0.0% fat, and 82.2% starch and sugar. Based on these data 
and averaging the starch and sugar coefficients in Sibbald's 
equation (2), the AME is predicted as 15.52 KJ/g. This 
estimate is 92.3% of the total energy value. Thus, Sibbald's 
method (1975) seems slightly less effective in estimating AME 
than the method using the noncell wall fraction. 
Compared to AME for other food items (Table 2), winter 
buds have a value similar to food grains. Corn has an energy 
content of 17.57 KJ/g dry weight (Miller and Reinecke 1984) 
and a metabolizable energy of 15.09 KJ/g for mallards (Anas 
platvrhvnchos). However, 1 kernel of corn is 94% oven 
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Table 2. Comparison of metabolizable energy of various foods 
of waterfowl. All plant foods are seeds unless 
otherwise indicated. Apparent metabolized energy 
(AME) values are based on air-dried weights 
Food Eaten 
(g) 
AME 
(KJ) 
Species Reference 
Carex Ivnabei® 10.38 swan McKelvey 
Timothy grass —  —  6.11 tt 1985 
Corn 25 15.09 mallard Miller & Reinecke 
Wheat 25 13.90 tl 1984 
Developer Ration 25 11.01 I I  I I  
Corn 50 16.81 Embden Storey & Allen 
Milo 50 16.10 goose 1982 
Wheat 50 14.03 I I  I I  
Barley 50 13.90 I I  I I  
Oats 50 13.87 11 I I  
Soybean Meal 50 13.41 I I  I I  
Rye 50 11.48 I I  11 
Lemna minor 21 4.23 rooster Muztar et al. 
Vallisneria sou" 
Cladoohora S D . °  
25 2.55 I I  1977 
23 1.76 I I  I I  
Potamoaeton 24 1.59 I I  I I  
Wheat —- 12.84 blue-winged Sugden 
Gammarus sp. — —  9.71 teal and 1973 
Scirpus paludosus C  6.61 canvasback I I  
L. minor 4.48 I I  I t  
Cladocera 3.43 I I  I I  
Cladophora —  —  1.72 I I  I I  
V. americanad 26 13.23 canvasback this study 
^Rhizomes. 
^Wildcelery vegetative parts. 
^Nutlets soaked in water. 
^Winter bud energy in KJ/g oven-dried weight (19.4% of 
wet weight). 
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dry weight while winter buds are 19.4%. Based on wet 
weights, corn is 16.52 KJ/g, and wildcelery winter buds are 
only 3.66 KJ/g. 
Canvasbacks have an upper digestive tract capacity of 
63.6 cc (N = 11, SE = 20.44) based on water displacement of 
silicon impressions of the upper tract. However, silicon 
impressions may overestimate volume of the upper tract 
because a large amount of pressure is required to fill the 
tract. Seemingly full upper digestive tracts in ducks shot 
on the river contained an average of 35.6 cc of food (N=4, SE 
= 17.27), of which 28.0 cc (SE = 14.50) were wildcelery 
winter buds. 
The number of dives in a continuous series observed 
during foraging trials with captive birds rarely exceeded 110 
dives (N = 5, SE = 19.7). A weighted estimate of consumption 
based on winter buds consumed per dive (author's unpublished 
data) would be 126 winter buds (SE = 47.8) or 107 cc. 
Digestion rates varied greatly between birds. The rate 
of excretion of dyed winter buds varied from 116 to 296 min. 
On average, the birds spent 189 min (N = 10, SE = 54.5) 
processing winter buds. 
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DISCUSSION 
Many avian species seem to metabolize food similarly. 
The canvasback, a diving duck, is reported to metabolize food 
at the same efficiency as blue-winged teal (Anas discors), a 
dabbling duck (Sugden 1973). AME values estimated for blue-
winged teal consuming duckweed (4.23 KJ/g) and Cladophora 
(1.76 KJ/g) are very similar to AME values measured in 
roosters consuming the same foods (4.48 and 1.72 KJ/g 
respectively) (Muztar et al. 1977). 
Balnave (1974) and Miller (1974) found that AME may vary 
with age and environmental temperature. Young chickens 
metabolize protein for growth at a higher rate than adults. 
AME values varied 9.3% over a 25 °C range of temperatures. 
Many plants with high AME values are not consumed 
because they are unpalatable. For example, Canada geese 
(Branta canadensis) avoid plants with high levels of phenolic 
compounds (Buchsbaum et al. 1984) even though AME values may 
be high. 
Sugden (1973) found that blue-winged teal may 
preferentially consume aquatic plants with an AME value 
greater than 2.09 KJ/g dry weight. Wildcelery vegetative 
parts have an AME of 2.55 KJ/g compared to 13.23 KJ/g for 
winter buds (Table 2). Potamogeton spp. tubers have been 
found in a large proportion of canvasbacks collected for food 
habits studies (Cottam 1939, Palmer 1975), and it is probable 
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that AME values for Potamoaeton vegetative parts have a low 
AME value of 1.59 KJ/g (Table 2). The AME of aquatic plants 
for ducks may be greatly underestimated if AME experiments 
are conducted using vegetative parts. 
Canvasbacks consume 80.6% plant food in their diet 
(Cottam 1939), sometimes consuming plant parts exclusively 
(43.3% of 427 samples). However, invertebrates may 
constitute a major portion of the diet in certain areas and 
at different times (Cottam 1939, Bartonek and Hickey 1969). 
Most invertebrates are higher in energy (21.34 - 24.69 KJ) 
and protein (31 - 80%) than plants (Driver et al. 1973). 
However, a high proportion of the weight of an invertebrate 
is in a nondigestible shell (Thompson and Sparks 1978). 
Canvasbacks are known to consume mollusks (Sphaerium 
spp., Ranqia spp., Macoma spp.) in areas where submerged 
plants are lacking or have been lost, such as on Chesapeake 
Bay (Perry and Uhler 1976, Orth and Moore 1984). Diving 
ducks foraging on the Upper Mississippi at Pool 19 near 
Keokuk, Iowa consume invertebrates in 80% of their diet 
(Thompson 1973). Although clams are high in energy (17.7 
KJ/g ash-free dry weight), their usable AME may be much 
lower. Fingernail clams (Sphaerium spp.) are very small 
(0.14 g wet weight, N=101, SE = 0.007) and are probably 
difficult to digest (Thompson and Sparks 1978). 
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Sibbald's (1975) equation (2) predicts fingernail clams 
(Sphaerium spp.) will be digested with 34.7% efficiency based 
on proximate analysis values determined by Thompson and 
Sparks (1978). The expected AME of these clams eaten by 
canvasbacks may only be 6.13 KJ/g, One clam would only be 
worth 0.16 KJ based on reported gross energy values for 
fingernail clams (Thompson and Sparks 1978) and the weight of 
an average clam. Thus, it would take 14 clams to equal the 
usable energy value of 1 winter bud. 
Metabolizable energy by itself is not a sufficient 
measure of the value of a food as some researchers have 
suggested (Sugden 1971, 1973, Owen 1980). Upper tract 
capacity and rate of digestion may also have a large 
influence on prey selection. The ability of a duck to 
benefit from a food depends on the size of the prey relative 
to the individual's capacity to consume it. 
A canvasback's esophagus will be full after the bird 
consumes 75 winter buds, based on a 0.85 cc winter bud 
volume. Collected birds that appeared full never contained 
more than 57 cc or about 67 winter buds (C.E. Korschgen, U.S. 
Fish and Wildlife Service, unpublished data). These 2 
estimates of maximum capacity are probably too low because 
ducks crush and compress winter buds in their upper tract. 
A better estimate of maximum consumption is based on 
foraging trials. Ducks dove 110 times during their first 
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dive series in a foraging trial. The number of winter buds 
the ducks consume in their first dive series can be estimated 
by multiplying the mean number of winter buds consumed per 
dive by the number of dives. Canvasbacks may consume 126 
winter buds in a single dive series based on these 
calculations. 
Passage rate may influence which foods a duck will 
consume (Sorensen 1984). Passage rate varies depending on 
how much material remains in the gut (Goodrich and Meiske 
1979). The digestion rate of Embden geese, reported as the 
half-life time for a red food dye to be excreted (Storey and 
Allen 1982), was 4.7 h for rice, 4.3 h for corn, 2.9 h for 
oats, and 2.8 h for wheat. Spur-winged geese (Plectropterus 
gambensis) digested corn in 6.4 h with 74% metabolized (Halse 
1964). Canvasbacks consumed winter buds in 3.16 h when fed a 
10 g ration. Their rate of passage was intermediate to 
cereal grains. 
During a 24-h day, a canvasback may consume enough 
winter buds to fill the esophagus and proventricuius 7.5 
times (24 h day/ 3.15 h digestion rate). Thus, daily 
consumption may be limited to 945 winter buds if the 
esophagus is fully packed at each feeding (126 winter buds x 
7.5). Given the AME value for winter buds of 13.32 KJ/g 
(Table 1), canvasbacks consuming 945 winter buds or 197 g 
ash-free dry weight may have a maximum intake of 2600 KJ/day. 
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However, this estimate assumes that the digestive rate will 
be the same for a starved bird (used in these trials) and a 
bird that is continually eating. This is probably not true. 
The average energy cost of canvasbacks staging on Lake 
Onalaska, Pool 7 is 1312 KJ/day (author's unpublished data). 
Canvasbacks must consume 565 winter buds or 474 g wet weight 
(102 g dry weight) each day to maintain energy balance. 
Canvasbacks obtain a large amount of energy in a short 
time by consuming wildcelery winter buds since the AME value 
of winter buds is large. However, the potential benefit of a 
food resource depends on factors including prey availability, 
prey size, foraging efficiency, foraging costs, life history 
stage, capacity of the digestive tract, and digestion rate. 
Calculating metabolizable energy value alone will not be 
sufficient to indicate whether a food will be energetically 
beneficial to a duck. 
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SUMMARY AND CONCLUSIONS 
Canvasbacks spent a large part of their time during fall 
staging on Lake Onalaska foraging for American wildcelery 
winter buds. Time-activity budgets (Part I) of canvasbacks 
differed from time-activity budgets of lesser scaups. 
Canvasbacks foraged more than lesser scaups, and although 
male canvasbacks dove more than female canvasbacks, male 
lesser scaups dove less than female lesser scaups. The 
staging population of canvasbacks may have been composed of 
up to 83.1% males (Part II), but the estimated sex ratio was 
confounded because males may have staged for a longer time 
than females. 
Time-activity budgets may be used to estimate daily 
energetic costs for staging canvasbacks. Energetic expenses 
of different activities (Table 1), including resting costs on 
water (Part III) and diving costs (Part IV), were multiplied 
by the proportion of time each behavior occurred in an 
average fall day. Basal metabolic rate (BMR) was estimated 
for an average 1.4 Kg canvasback as 20.5 KJ/h based on an 
allometric equation for nonpasserines (Calder 1974). Resting 
costs on water were 41.0 KJ/h while foraging costs were 158 
KJ/h. Canvasbacks staging on Lake Onalaska were expending 
1312 KJ/day. 
The energetic benefit of foraging was calculated for 
canvasbacks based on their predicted efficiency and 
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Table 1. Energetic costs of activities relative to a basal 
metabolic rate 
BMR 
ACTIVITY MULTIPLE SOURCE SPECIES 
BMR 1 .0 Calder 1974 nonpasserine 
Sleep 1 .1 Wooley and Owen 1978 black duck 
Rest (land) 1 .4 Prince (unpublished 
data, Michigan State 
University) 
canvasback 
Rest (water) 2 .0 this research canvasback 
Preen 1 .6 Wooley and Owen 1978 black duck 
Swim 3 .2 -5.7 Prange and Schmidt-
Nielsen 1970 
mallard 
Interact 5 .0--7.1 Jorde 1981 mallard 
Dive 7 .7 this research canvasback 
Fly and 12 
Disturb 
.0--15.3 Tucker 1973 
Hart and Berger 1972 
budgerigar 
pigeon 
Other 1 .3 Wooley and Owen 1978 black duck 
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consumption rates (Part V). If diving costs are compared to 
benefits from wlldcelery winter buds, birds must obtain 1 
winter bud in 5.3 dives or 2.7 fingernail clams/dive to 
balance their energy budget. Canvasbacks dove for 4.7 h/day, 
and their dives averaged about 15.0 s/dive. Based on these 
figures, the average canvasback dove 1130 times/day. 
Lake Onalaska wlldcelery winter bud densities were 173 • 
to 253 winter buds/m^ (author's unpublished data). 
Canvasbacks consume buds at a constant rate if densities 
exceed 30 winter buds/m^. Thus, canvasbacks will consume 
1670 winter buds in 1130 dives (Part V), and they will 
assimilate 79.2% or 2.32 KJ/winter bud (Part VI). An average 
canvasback will obtain 3880 KJ of energy per day. 
Activity costs (1312 KJ) may be subtracted from energy 
benefits obtained from foraging (3880 KJ) to estimate net 
gains. Canvasbacks are obtaining 2570 KJ/day over activity 
costs. This energy may be stored as fat. Fat is 39.7 KJ/g 
(Schmidt-Nielsen 1983). If canvasbacks are 50% efficient in 
converting digested food energy to fat, they should add 32.4 
g of fat/day. Weight data from birds trapped on Lake 
Onalaska indicate that canvasbacks may gain 170 g or more 
during staging (J. Serie, U. S. Fish and Wildlife Service, 
unpublished data). Canvasbacks would need to forage for 5.2 
days to store 170 g of fat. 
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Lake Onalaska contained approximately 380,160 Kg (dry 
weight) of wlldcelery winter buds In 1980 (Korschgen et al. 
1986). Since a single dry winter bud weighs 0.18 g (Part 
VI), there may be 2.11 billion winter buds In Lake Onalaska 
at the beginning of the fall. If 80% of these winter buds 
are accessible above a depth of 7.9 cm in the substrate (Part 
V), there are up to 1.69 billion winter buds available for 
canvasbacks. 
One canvasback needs to convert 6,750 KJ to fat to gain 
170 g, and assuming 50% of the energy content of food items 
is converted to fat, they need to assimilate 13,500 KJ of 
energy. Also, if 79.2% of the winter bud energy is 
assimilated by canvasbacks, canvasbacks need to consume 
17,060 winter buds. 
From the above information, the carrying capacity of 
Lake Onalaska may be estimated. Assuming canvasbacks gain 
170 g while on the lake, carrying capacity is the number of 
available winter buds (1.69 billion) divided by 17,050 
(winter buds needed to gain 170 g if 50% of assimilated 
energy is converted to fat). According to this rough 
estimate, 99,160 canvasbacks may use Lake Onalaska during 
fall migration without severely depleting the resources. 
This would amount to 515,640 use days based on an estimated 
5.2 days to gain 170 g of body weight. Further research work 
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should be directed toward improving the energy budget 
approach described here to test various management scenarios. 
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